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Abstract

Recently, additive manufacturing (AM) of structural metallic components is analyzed regarding its potential use by industry
and research. Next to the development of manufacturing processes, the mechanical properties are under investigation today.
One of the quality measures of metallic components is the surface topography. DED-arc processes (direct energy deposi-
tion) result in relatively coarse surfaces, characterized by a distinct waviness with wave amplitudes in the mm-range. This
is enhanced when applying horizontal building position in comparison to vertical position. Next to increased waviness, the
load-bearing net cross sections are reduced as well. The surface topography determines the fatigue life properties of metallic
components. While stress raising surface effects are generally well understood and fatigue (Structures 31: 576-589, 2021)
of welded metals is established well, the fatigue behaviour of additively manufactured components is less investigated yet.
In order to define surface quality levels for DED-arc components, the effects of surface topography on mechanical perfor-
mance need to be understood. This article presents the manufacturing of high strength steel test coupons by the DED-arc
process. The process parameters were varied with regard to the building position and different levels of surface quality were
generated. The surfaces of different specimens were characterized and fatigue tests were conducted. The results were used to
derive the surface influence on both, the effective load-bearing wall thickness and notch effects induced by the layer-by-layer
building approach. A correlation between building position, surface waviness and fatigue strength was proven. In general,
higher waviness resulted in reduced effective wall thickness and lowered fatigue strength. A difference in fatigue strength
at 2 million load cycles of 20 to 30% was proven when printing in different building positions. The surface effect can be
captured in the design concept when applying the effective notch stress approach with an averaging length of of p*=0.4 mm.
The fatigue strength is describable by a design S—N curve FAT160 and a k-value of 4.
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1 Introduction
Highlights 1. Surface topography of DED-arc components is

affected by the building position significantly.

2. Surface topography affects the effective wall width and Additive manufacturing (AM) of metal components is gain-
geometric notch effect. ing interest in a variety of industry sectors. The motivation
3. Fatigue strength of unmilled test coupons can be estimated for investigating AM is the potential for manufacturing of

by the nominal stress and the effective notch stress approaches. . . . .
components with low geometric restrictions at optimal mate-

Recommended for publication by Commission I - Additive rial usage [2]. However, all DED-processes for AM of metal
Manufacturing, Surfacing, and Thermal Cutting. need to heat the feed material above melting temperature in
order to guarantee mechanical performance and leakage tight-
ness [3]. Next to metallurgical phenomena [4], the molten
material will always affect the surface of the as-build compo-
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09126 Chemnitz, Germany when AM is used to fabricate near-net-shape components. In
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ufactured or other geometric restrictions apply, the surface
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must remain unprocessed. This is also to be expected when
cost-sensitive applications, e.g., in the construction industry,
are addressed. The unprocessed surface topography of AM
components affects the component behavior under mechanical
loading and acts as local stress raiser. Cracks will then start
propagation from the surface [5]. As a result of the novelty
of AM processes for metal, the existing evaluation concepts
and quality measures for surface topography of convention-
ally manufactured metal parts need to be re-approved and fur-
ther developed. This work demonstrates a possible transfer of
methods for fatigue strength estimation from fusion-welded
to additively manufactured components.

1.1 AM of metallic components

A large variety of processes is available for AM of metals
[6]. The process chain for these methods is basically identi-
cal. Starting from a digital CAD-file, which is generated
either by a 3D design or a 3D scan, the component is divided
into defined layers (“‘slicing”) to be manufactured in a layer-
by-layer approach. The processes relevant for AM of metals
are from the categories according to ISO/ASTM 52900 [7]:

e Powder bed fusion (PBF),
e Direct energy deposition (DED) and
e Sheet lamination (SHL).

In the context of AM of metals, the layer height for PBF
varies between 20...100 pm and for DED between approxi-
mately 1...3 mm. With adapted special technology, the lim-
its can be extended upwards and downwards by approx. 50%
in each case [8].

The most widely used welding process in joining tech-
nology, gas metal arc welding (GMAW), is frequently used
for DED. The energy source for melting feed material is
the electric arc (DED-arc). Apart from the commonly used
energy-reduced or deposition-controlled arc, the equipment
technology remains unchanged. In addition to the use of an
established welding process, filler materials familiar from
fusion welding were mostly used to date. This enables trans-
fer of process and material knowledge from fusion welding
to AM. Depending on the density of the filler material, the
geometry of the AM component, and the cooling condition,
deposition rates up to 4.5 kg/h (steel) are possible [8]. DED
arc has been studied for several applications, for example in
the aerospace [9], the automotive [10, 11] and the marine
[12] sector. In the last years, the focus of ongoing research
work changed from basic feasibility studies into the produc-
tion of complex components. This included research into
material behavior in the area of microstructure, isotropy
behavior, and analysis of the mechanical technological qual-
ity values of the machined “ideal test specimens” [13]. The
current research trend is aimed at analyzing the partially
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unprocessed additively manufactured components in real-
istic load conditions. On the part of the German Materials
Society (DGM), the following focal points are being set:

e Surface quality and fatigue of AM components

e Prediction/optimization of surface quality

e Surface treatment as well as heat transfer properties
of surfaces in additively manufactured thermal systems.

Taking up these focal points, the influences of the surface
properties of components manufactured by means of DED-
arc are systematically investigated within the article.

1.2 Fatigue of weld metal and metallic AM
components

Fatigue of weldments is well understood nowadays. In
general, cracks initiate from locations of highest mechani-
cal load and lowest material resistance. Accordingly, mild
notches and homogenous microstructure are preferred for
high fatigue resistance. The meaning of manufacturing
quality for the resulting fatigue strength was emphasized by
manifold investigations [14—18] and a guideline for fatigue
design was implemented by the International Institute of
Welding [19]. Design procedures for weldments are avail-
able [20-22] and are constantly further developed. Local
approaches for fatigue design of welds make use of local
load parameters reflecting quality aspects and are well
established today. The notch stress approach with reference
radii [23, 24] is recommended for weldments with a certain
minimum stress concentration [25] and may result in non-
conservative results in case of mild notches. For such mild
notches, effective stress approaches are available. The stress
averaging approach [26] is established on a finite-element-
model reflecting the real surface geometry. The effective
stress is determined by averaging of the stress o(x) over
a certain microstructural length p*. The averaging length
is dependent on the material’s support effects. However,
a value of p"=0.4 mm and a design S—N curve FAT160
(determined for analyzing maximum principle stress) are
considered conservative for welded steels [27].

*

1 14
Ocff = —*/ o(x)dx €))]
P Jo

Although the reference radii approach was not recom-
mended for mildly notched weldments, it was applied suc-
cessfully to DED-arc specimens before [1]. The authors
manufactured and tested DED-arc specimens made from
conventional filler material G3Sil (EN ISO 14341) with un-
processed surfaces. The surface was characterized regarding
its roughness and the resulting fatigue strength was corre-
lated with the maximum roughness parameter. Additionally,
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the experimental data was expanded by numerical analy-
sis of randomly generated specimens. A design S—N curve
FAT755 was derived, when applying a reference radius of
0.05 mm.

Internal defects in the metallic bulk material may be eval-
uated by a combined Murakami approach, as demonstrated
for laser powder bed fusion material [28]. This approach
can also be expanded to surface defects and the interaction
of stress raining surface features and internal defects [29].
Based on a knowledge about the defects of AM metal, frac-
ture mechanics may be applied as well [30].

1.3 Surface characteristics resulting
from the DED-arc process

The surface topography of DED-arc components shows
a mixed deterministic and stochastic nature with strong
dependence on the manufacturing parameters [31]. The
layer-by-layer building approach results in surface waviness
parameters in the mm-range. The process parameters wire
feed, corresponding current and voltage, and travel speed
determine the melt bead size to be deposited. High energy
input results in larger melt beads which are reflected by a
larger waviness of the surface after solidification, accord-
ingly. Next to this, the melt metal viscosity and the solidi-
fication temperature range are of large importance for the
resulting surface topography.

Additional influencing factors are the deposition pat-
tern and the building position. The local bead geometry is
influenced by forces acting on the molten zone, namely the
arc force, electromagnetic forces, gravity, and forces from
chemical reactions in the melt. Especially significant for
the surface topography are gravity and the arc force, which
act differently on the melt bead depending on the working
position and the torch angle. In vertical position, the melt
pool is beneficially supported by previously deposited layers.

Fig. 1 Experimental setup for
the DED-arc manufacturing of
specimens (left) under 0° and
75°inclination (right)

6-axis robot

However, due to process restraints of the DED-arc method
and complex component geometries, other working positions
cannot be always avoided. A multi-scale analysis of sur-
faces was recommended due to the wide spread of geometric
features on surfaces of AM components [32]. The analysis
should ideally account deviations from form to roughness.
The need for a geometric description of the geometry of
AM parts was highlighted earlier [33]. The currently applied
standards for surface topography analysis ISO 4287 and
ISO 4288 probably need to be revised for description of
AM surfaces [34].

2 Experimental and numerical approach

Specimens were manufactured under variation of the build-
ing position in order to investigate its effect on the surface
and the resulting fatigue strength. The set manufacturing
parameters (wire feed, characteristic curve, welding torch
travel speed, feed material, interpass temperature) were kept
constant during all experiments. Accordingly, the effect of
gravity on the surface topography was separated from other
manufacturing parameters, which usually affect the micro-
structure or melt bead geometry.

2.1 Specimen manufacturing

The experimental setup used is shown in Fig. 1. The torch
of the welding power source (type Fronius TPS500i) was
mounted on a 6-axis handling robot (type Kuka KR22) and
moved over a tilt-turn table holding the specimen. The inter-
pass temperature was controlled by a pyrometer (type Dias
Pyrospot DGE 44 N) which measured the temperature on
top of the last deposited layer. The interpass temperature
was kept constant at 200 °C. Cooling time between deposi-
tion of subsequent layers was accelerated by application of

| welding power source
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Table 1 Chemical analysis C Si Mn P S Cr Mo Ni
of the used filler wire Bohler
3dprint AMSOHD 0.107 0359 1.69 0.0111 0.0033 0.384 0.594 2.18
Al Co Cu Nb Ti v '
0.0092 0.0063 0.0551 0.0021 0.0015 0.0079 0.006
Table 2 Mechanical properties R R A specimens in each building position was made because of
. . 0.2 5 . .. . ..
of Bohler 3dprint AMSOHD - 2 the restricted length when printing specimens. In addition,
according to manufacturer 920 MPa  820MPa  20%  this proved the repeatability of the experiments.
specifications

compressed air. The flow rate was 12 m/s. As shown on the
right hand side of Fig. 1, the specimens were manufactured
under variation of the inclination of the tilt-turn table. The
welding torch was also inclined and kept in line with the
specimen building direction.

The feed material used was a low-alloyed high strength
wire electrode (type Bohler 3dprint AMS8OHD) with a diam-
eter of 1.2 mm. The nominal chemical composition is pro-
vided in Table 1. The nominal mechanical properties accord-
ing to the material supplier are listed in Table 2.

The manufacturing parameters applied are listed in
Table 3. In addition to set values, the current /, voltage U,
and wire feed speed v,,;,. were measured during the process
(type HKS WeldScanner), mean values were determined and
the energy input was calculated. Although the set parameters
were the same for all four specimens, the resulting energy
input varied between 2.3 and 2.7 kJ/cm, which was explained
by slight variations of the contact tip distance between tool
and work piece.

The four specimens (two at vertical position 0° and two
at vertical position 75°) had dimensions of 350 mm length
and approximately 160 mm height. In total, 82 to 88 layers
per specimen were deposited resulting in a layer height of
approximately 1.9...2.0 mm. The specimen’s geometry is
shown in Fig. 2. Six fatigue test coupons, two benchmark
coupons for surface topography investigations, and one
metallographic coupon were gained from each specimen.
In total, twelve fatigue test coupons were available from
each building position. The decision to manufacture two

The surfaces topography of all 24 DED-arc fatigue spec-
imens were analyzed in the as-manufactured state, after
water jet cutting. All test specimens were investigated by
means of the laser triangulation method (type Micro-Epsi-
lon optoNCDT1800) on both sides along a measuring line
located in the middle of the specimen in building direc-
tion. The laser diode emits laser light with a wavelength
of 670 nm (visible/red) with a spot size of 45 um at focal
position at a resolution in vertical z-direction of 2 um. The
data point distance in scanning direction was 50 um. Fig-
ure 3 shows examples of surface scans from specimens
manufactured in vertical (0°) and horizontal (75°) posi-
tion determined from benchmark coupons. However, the
surface waviness of the fatigue test coupons was evaluated
at a length of 108 mm. The acting gravity caused distinct
surface waviness in dependence of the working position.
Both sides of the specimens manufactured at 0° showed
similar topography profiles, while the bottom and top side
of specimens built in 75° inclination varied clearly.

In addition to fatigue test experiments, one speci-
men of similar dimensions was manufactured at constant
parameters for tensile tests of the as-deposited material.
Specimens were manufactured and milled to a constant
thickness of 3 mm from both sides (specimen type E,
DIN 50125). The tensile strength of the material in build-
ing direction (perpendicular to the layer structure) was
Rp0.2 =710 MPa, R, =887 MPa, A=17.5%, Fig. 4. In com-
parison to the nominal values provided by the manufac-
tures, the applied building parmeters caused lower values
resulting from the interpass temperature applied. A full
overview on tensile properties was published earlier [35].

Table 3 Parameters used for the manufacturing of the fatigue test specimens

Set values Temperature condition Measured values
Specimen Vyire INM/ Vo incm/ IPT in °C Cooling IinA UinV Vyire I M/Min Einkl/cm
min min
1(0°) 2 25 200 Compressed air 78.8+1.8 13.47+0.1 2.4+0.1 2.6
2 (0°) 2 25 200 Compressed air 82+1.5 13.6+0.2 2.5+0.04 2.7
3(75°) 2 25 200 Compressed air 742+14 13.3+0.2 2.3+0.07 2.4
4(75°) 2 25 200 Compressed air 72.7+17 134403 24+0.3 2.3
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Fig.3 Exemplary surfaces of specimen manufactured in vertical (0°) and horizontal (75°) position. Left: Surface topography from laser scan-
ning (0°); middle: Photographs of specimens; right: surface topography from laser scanning (75°)

2.2 Metallographic characterization

Macroscopic overview cross sections were prepared and the
microstructure was investigated on micro sections, Fig. 5.
The micro sections were etched with Nital. The weld metal
microstructure of all four specimens was comparable and
mainly composed of upper and lower bainite. A detailed
analysis of this feed material and its mechanical parameters
can be found elsewhere [35].

The hardness of all four specimens were comparable
due to similar heat input and constant interpass tempera-
tures, Fig. 6. This was important to isolate the effect
of the surface from microstructural effects on fatigue
properties. The hardness of all four specimens was ana-
lyzed by Vickers testing along the building direction.

Additionally, a hardness mapping by means of the
ultrasonic contact impedance (UCI) method was con-
ducted in the vicinity of a layer boundary. The measure-
ment results are shown in Fig. 6. The mean hardness of
approximately 300 HV1 and corresponding interquartile
ranges (IQR) were comparable for all four specimens.
Overall, the hardness ranged from 280 to 325 HV1. The
detailed analysis of the hardness near a boundary layer
revealed slight softening near fusion lines, which was
explained by annealing effects of subsequently deposited
layers. The difference of hardness between layer bulk
material and softened fusion line was approximately
340 HVO.1 - 270 HV0.1 =70 HVO.1. The geometric
notch at the surface coincidences with the softened layer
boundary.

@ Springer
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Fig.4 Stress—strain diagram of specimens extracted vertically to the
building direction (v, =25 cm/min; v,,;,, =2 m/min; IPT =200 °C;
active cooling by compressed air). Specimen was manufactured in
vertical position (0°)

Fig. 5 Macro- and micro-
sections of specimens 1 to
4 build in vertical (left) and
horizontal (right) position

Specimen1  Specimen 2

Fig.6 Results from hardness
measurement HV1 along the 340

Vertical building position (0°)

2.3 Surface evaluation

Surface waviness parameters were determined from the
waviness profile according to ISO 4287 [36] and Eq. 2. The
determination of the waviness profile from the measured
profile was conducted in agreement with the procedure
described in [31]. The cut-off wave length for the separa-
tion of the roughness was chosen in dependence of nominal
layer height of the DED-arc process and was A,=0.95 mm.
The arithmetic mean deviation W, was determined:

L
W= / 1zl @)

From all measurements, mean values for W, and the cor-
responding standard deviations s were determined, Table 4.
These parameters demonstrate the effect of the manufactur-
ing position on the waviness. While the waviness on both
sides of the specimens 1 and 2 is comparable, the bottom
sides of specimens 3 and 4 showed higher values in compari-
son to the top side. This effect was explained by the acting
gravity on the molten bead.

Horizontal building position (75°)

Specimen 3

bottom side
Specimen 4

10 mm
UCI hardness

mapping

Bottom side
N
o
o

y (mm)

building direction (left); Mag-
nification of hardness distribu- = 3204
tion HVO.1 in layer structure ;
of specimen 4 manufactured = B0
horizontally (right). Locations 2 2804
of measurements depicted in = [ 25%-75%
Fig. 5 & 260+ T meant2s
I — median
2404 O mean
+ outlier
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Table 4 Waviness parameters
W, and their standard deviation

Specimen (building position)

s of DED-arc specimens 1(0°) 2(0°) 3(75°) 4 (75°)
manufactured in different - - N N - . - .
positions (vertical/0° and W, Sidel Side2 Sidel Side2 Topside Bottomside Topside Bottom side
horizontal/75%) W inmm 0112 0115 0156 0148  0.136 0.207 0.162 0.284

s in mm 0.020 0009 0029 0031 0015 0.025 0.029 0.024
2.4 Estimation of effective wall thickness b bopan = bn =W g5, o1 = Wadss.sidea 4)

The effective wall thickness was evaluated by two methods.
Method 1 estimated the effective wall thickness from the mate-
rial volume deposited and surface waviness parameters, while
Method 2 based on measurements of the wall thickness varia-
tion in metallographic macrosections.

In a first step, the theoretically resulting nominal wall
thickness b, was determined from the volumetric flow rate
of the feed material. The wire feed was measured (type
HKS weld scanner) during DED-arc manufacturing of the
four specimens. In combination with wire cross section (&
1.2 mm) and the preset process travel speed, the material
flow was calculated. Assuming a rectangular layer cross
section and on basis of the resulting layer height, a speci-
men-specific theoretic wall thickness could by estimated.
The waviness parameters were used to estimate the wall
thickness reduction. For this, a 95% quantile was deter-
mined from the mean value Wa and the standard deviation
s, assuming a normal distribution of W,. The waviness on
both sides of the specimens was considered:

W50 = W, + 25 3)

Fig.7 Algorithmic determina-

The second approach applied, Method 2, evaluated the
effective wall thickness from 2D macroscopic cross sections.
For this purpose, the images of the cross sections of the four
samples were converted into grayscale images and evalu-
ated with respect to their contours using the Python library
skimage. Figure 7 visualizes the methodology behind digital
image measurement. A gray-scale image served as the input
signal for image processing, filtering and automated contour
detection based on defined gray-scale values (a). After contour
detection, the wall width was measured by vertical profile cuts
at intervals of 5 pixels (approx. 86 um) and the conversion
from pixels to millimeters was carried out. The wall width was
determined at approximately 500 equally distributed positions
in the blue highlighted wall area on all four specimens (b).

Figure 8 depicts the results of digital wall thickness
measurement using automatic contour detection performed
on specimens built in vertical and horizontal position.
In addition, the diagrams show the statistical param-
eters mean wall width b and standard deviation s of the
individual experiments. First of all, it is noticeable that
the specimens with the same building positions 1 and 2

tion of the effective wall width
based on cross-sectional images

O ;4
(a) 0°-V1 - Greyscale image -
200 i e

800

using specimen V1, grayscale é_
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contour detection based on gray 5
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skimage (b)
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X |
p= 400 .
§ 600 gem

0
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Fig. 8 Distribution of wall thickness measurement results of speci-
mens 1 to 4 according to digital evaluation of wall cross sections
based on approx. 500 individual measurements per specimen, vertical
building position 0°, horizontal building position 75°

respectively 3 and 4 provided comparable results within
the standard deviation, which testifies a high repeatability
of the experiments. In addition, a significant influence of
the building position on the wall thickness of the speci-
mens is shown. With an average wall thickness of approx.
4.86 mm, the walls produced in a 75° building position
are almost 0.74 mm thinner than the reference specimens
produced at 0°. In the case of the vertically produced 0°
specimens, the molten pool solidified over a larger area
on the upper edge of the wall and consequently formed
a significantly wider weld seam without the influence of
gravity. Assuming a normal distribution, the effective wall
thickness b\, Was estimated by:

Fig.9 Geometry of the fatigue

by = b—2s (%)

2.5 Fatigue testing

Fatigue tests were conducted under sinusoidal constant
amplitude loading at a stress ratio of R=(o, / 6,)=0.1. The
dog bone fatigue test coupons extracted from additively
manufactured specimens were extended in length with help
of conventional sheet material S690Q. This was conducted
to ensure safe grip in the hydraulic clamping of the test rig
(type walter + bai, 250 kN). In total, approximately 15...16
layers were located in the reduced section of the specimen,
which had width of w=13 mm. The tests were conducted
force-controlled until specimen rupture. All specimens failed
in the area of the reduced section with cracks initiating from
layer boundaries at the surface, Fig. 9. No internal defects
were detected on fracture surfaces.

2.6 Fatigue strength evaluation by effective notch
stress approach

For the evaluation of the fatigue test results by the nomi-
nal stress approach, the effective wall thickness of fatigue
test coupons needed to be evaluated (the “Wall thickness
evaluation” section). Furthermore, the linear elastic effec-
tive notch stress approach was applied for the assessment
of different surfaces resulting from variation of building
positions. The finite element model was set up as a 2D
model using elements with second order form functions.
In regions with high stress gradients, the element edge
length was 0.2 to 0.25 mm which was identified to result
in less than 1% difference compared to a mesh with half

250 |

test specimens (top), failure
example (bottom), and fracture
surface with crack initiation
(black box)

75° bottom

iri

failure example
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the element size. A plane strain state has been assumed,
since the middle of the specimens is investigated. The
modulus of elasticity was E=210 GPa and the Poisson’s
ratio is v=0.3.

The geometric basis for the modeling were the aforemen-
tioned line scans of top and bottom surface of the specimens.
48 scans were analyzed on a per-specimen basis. For every
fatigue testing specimen, the line scans in the middle were
used to setup a model, Fig. 10. Within preliminary investi-
gations, it was found that any scanned line can reasonably
assumed to be representative, because of the significant
statistical nature of failure in DED-arc structures and the
large length of individual scans. Top and bottom scans were
leveled by running a linear regression and subtracting the
resulting linear graph from the raw data. The scan-data was
smoothed by averaging the height of three neighboring data
points to minimize effects of noise in the data. An offset dis-
tance of both scans had to be chosen, which was set to 6 mm
for all specimens for simplicity reasons. The effect of a dif-
fering average thickness was compensated by consideration
of the theoretical specimen width b in the final calculations
(compare Table 5). The left edge was fixed while the right
edge was loaded with 6 N tensile force and fixed perpen-
dicular to the loading direction. This resulted in a nominal
stress of 1 MPa.

Horizontal building position (75°)

Table5 Waviness parameters W, and their standard deviation s of
DED-arc specimens manufactured in different positions (vertical/0°
and horizontal/75°)

Specimen (building position)

1(0°) 2(0° 3(75°) 4(75°
Wire feed (m/min) 2.41 2.53 2.32 2.43
Travel speed (cm/min) 25 25 25 25
Theoretical weld width » (mm)  5.66 5.55 5.35 5.12

Effective wall thickness estimated from waviness parameter W,
(Method 1)

Beary i mm 538 512 493 457

Effective wall thickness estimated from macroscopic cross sections
(Method 2)

Betarz in mm 522 520 421 4.09

The maximum principal stress was used for evaluation
of the notch effects with the stress averaging approach. The
stress averaging path was placed at the global maximum
of the maximum principal stress, perpendicular to the sur-
face, Fig. 10. Here, the commonly accepted averaging length
p =0.4 mm was used and stresses were numerically inte-
grated, as explained in the “Fatigue of weld metal and metal-
lic AM components” section. The effective stress value o

top side

E

bottom side

GI512
Maximurm Princlpal Sress 2
Type: Maximum Principsl Stress
Unit MPs

Time: 15
3005.2022 11:59

Avemgod
— —Stress in Mp,

0200

[ S— S

N
LIS
0800 (mmd AL FHKN

'..'.0:

Fig. 10 Finite element model of specimen built in horizontal position (75°) with refined mesh near the surface (top) and magnification of a

highly stressed region (bottom)
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was then divided by the nominal stress. In consequence, the
effective notch factor k.4 was obtained.

1 1 [
ko = * — o(x)dx (6)
Chom p 0
3 Results

Two main effects of the surface waviness needed to be
evaluated. The first effect of an inhomogeneous surface
topography is the resulting wall thickness. In general,
increased waviness results in lower effective load bearing
wall thickness [37]. The effective wall thickness evaluation
is described in the “Wall thickness evaluation” section with
the goal to evaluate fatigue strength in the nominal stress
approach. In addition, the notch effect of the surface topog-
raphy was to be considered in a more generalized method.
This was assessed by help of finite element modeling and
application of the stress averaging approach (the “Resulting
effective notch stress factors kg section).

3.1 Wall thickness evaluation

Results of the estimated effective wall thickness (Method
1 and Method 2) are provided in Table 5. It varies between
5.38 and 4.09 mm depending on the manufacturing position
and evaluation method.

3.2 Resulting effective notch stress factors k4

For the evaluation of the notch effect of the surface topography,
effective notch stress factors k. were determined. The values
for every fatigue test coupon and the average values for speci-
men 1 to 4 are displayed in Table 6. For all series, an average
effective notch factor of at least 1.5 was observed. The locations
of the global maxima were distributed evenly between top and

Table 6 Effective notch factors k. of specimens and averaged by
wall number

Specimen (building position)

Fatigue test 1(0°) 2(0°) 3 (75°) 4 (75°)
coupon

1 1.34 1.67 2.18 1.99

2 1.52 1.62 2.65 2.09

3 1.54 1.75 2.16 2.82

4 1.62 1.76 2.59 2.79

5 1.47 1.65 2.43 2.64

6 1.53 2.00 2.04 2.60
avg 1.50 1.74 2.34 2.49

@ Springer

bottom side in the vertically built specimen. In the specimens
welded at 75° overhang the notch factors on the rougher bottom
side are significantly higher with an average >2.4.

3.3 Fatigue test results

The fatigue test results of specimens manufactured in verti-
cal and horizontal position are shown in Fig. 11. The series
manufactured horizontally resulted in considerably lower
numbers of load cycles until specimen rupture when com-
paring with vertically manufactured specimens. This differ-
ence was caused by the surface topography, which reduced
the load-bearing cross section when the waviness increased
and caused higher local stress concentrations.

A nominal S—-N diagram was determined on basis
of the effective wall thickness b.4 estimated from
Method 1 and Method 2, Fig. 12. A nominal stress range
Ac = (AF/(Ays) = (AF/(begs » w)) was calculated and a
mean stress correction factor of 1.16 (R=0.5) was applied with
reference to [38]. The S—N curves of specimens manufactured
in vertical position still showed higher fatigue strength com-
pared to horizontal position. The estimated effective wall thick-
ness from Method 1 and Method 2 for vertically manufactured
specimens was similar. In case of horizontally manufactured
specimens, Method 2 resulted in significantly smaller values
Degeno compared to Method 1. As a result, the difference of
the two S—N curves from specimens manufactured in different
building positions was larger when applying Method 1. In terms
of design S-N curves, FAT 160 (vertical manufacturing posi-
tion) could fit the data of vertically manufactured specimens
well. The fatigue strength of horizontally manufactured speci-
mens could be estimated by FAT 112 (Method 1) and FAT 125
(Method 2) respectively.

50 5
Material: AM80
40 E i Specimen: DED-arc
zZ ] Sa k=51 Loading: Sinus, axial
< 304 "'\\@ | R=0.1
i ] ™~
< 3 e_0 o®o
S 207 50 %
S 1 k=43
(0] \
S o o>
o ] 50 %
» 104
o S i o
= | Building position
@ vertical (0°) -
© horizontal (75°) D]
5 1 — Run out w/o failure Pkl
10* 10° 108 107

Number of cycles N

Fig. 11 Fatigue test results, test force amplitude, and load cylces until
specimen rupture
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Fig. 12 Fatigue test results,
nominal stress amplitudes and
load cylces until specimen rup-
ture. b, from Method 1 (top)
and Method 2 (bottom)

The test results were further evaluated by application of
effective notch stress factors o, g =keq X (F, / beg), Fig. 13.
A mean stress correction to an R-ratio of 0.5 was applied
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here as well. Interestingly, both test series could be evaluated
by a single S-N curve. A k-value of 4.2 +0.6 was found to
representative for the data set, resulting in a fatigue strength

@ Springer
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Fig. 13 Fatigue test results, effective stress amplitudes, and load cyl-
ces until specimen rupture

of approximately 230 MPa at 2 million load cycles. The
data could be assessed by FAT 160 conservatively, when a
k-value of 4 was applied.

4 Discussion

A more common use of AM technology is to be expected for
structural metallic components. The DED-arc process holds
high potential, especially for larger components where high
building rates are needed. The surfaces of such parts are
relatively rough with height differences in the mm-range.
This is further enhanced by unfavorable building positions,
where gravity acts perpendicular to the building direction.
It was shown that the waviness parameter W, varies from
approximately 0.1 mm to 0.25 mm when changing the build-
ing position from vertical to horizontal. The thermal cycle
caused a softening in the vicinity of the layer boundaries. A
minimum hardness of approximately 270 HV1 was proven
in these zones. The softening resulted in a tensile strength
of 890 MPa of milled specimens, which corresponds
well with the minimum hardness (ISO 18265: 270 HV £
R, =865 MPa). Additionally, the fatigue strength was sig-
nificantly reduced by the notch effect. In the nominal stress
approach, a reduction from FAT 160 to FAT 112 could be
estimated. Fatigue cracks originated from layer boundaries
with high stress concentration and softened material.

For future applications of the DED-arc process, we expect
a large variety of alterative process designs and varying feed
material. This will result in variations of surface topography,
material resistance, geometric and metallurgical irregulari-
ties. A more general design approach should consider these
parameters and resulting effects. Here, the effective notch

@ Springer

stress approach was applied successfully to evaluate the sur-
face effect on the resulting fatigue strength. However, more
detailed information on material influence and process irregu-
larities need to be gathered.

5 Summary and Conclusions

The influence of surface topography on load-bearing wall
thickness and geometric notch effects needs to be understood
to enable the use of the DED processes also for structural
components. Specimens were manufactured by means of
the DED-arc process from high strength feed material. The
process parameters were kept constant while the building
position was varied, which resulted in comparable mate-
rial properties. As a result of varying building positions,
the gravity acted differently on the solidifying melt bead
and varying surfaces were generated. Fatigue tests were per-
formed and evaluated. The main findings of the conducted
investigations are:

e The surface waviness increased significantly when
working in horizontal position

e The tensile strength was limited by softened zones in
the vicinity of layer boundaries

e The effective wall thickness on unmilled test coupons
correlated with the waviness parameter W,

e The surface effect became visible in the nominal stress
approach. For statistically relevant correlations more data is
needed

e The effective notch stress approach was applied suc-
cessfully. A S-N curve exponent value of k=4 was
applied successfully and fitted the data well
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