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Abstract

Currently, DED-Arc manufactured components are not covered by design guidelines, and design factors such as residual
stress factors are not defined for such components. This hinders industrial use, especially for components with a remain-
ing surface waviness required by industry. For the first time the stress state of a high-strength, low-alloy, large-scale
DED-Arc component was characterised in the as-built state and after cutting off the component from the substrate
plate. Complementary methods of residual stress analyses were applied to gain a holistic insight into the residual stress
distributions of a thick-walled part. In the as-built state, direction-dependent and position-dependent tensile residual
stresses were found for the component at the level of the yield strength of the part. The additive manufacturing strategy
continuous spiral deposition has no significant influence on the residual stresses in bead threshold area compared to the
residual stresses of the remaining component. For this case, bead threshold is no structural imperfection. By removing
the part from the substrate plate, the residual stresses are significantly redistributed. Tensile residual stresses are then
present at a moderate level. Compressive residual stresses were determined in the volume of the deposited material.
The general consideration of “high” tensile residual stresses in such thick-walled components is rather conservative.
Therefore, design guidelines should take the manufacturing condition into account.

Keywords
WAAM, AM-DED-Arc, HSLA, residual stress, design, contour method, incremental hole drilling, X-ray stress analysis

Received: 9 July 2025; accepted: 26 November 2025

Introduction and its investment costs to produce near-net-shape
parts are moderate compared to other AM technolo-
gies. Welding standardisation’ and newly developed
industry-specific standards for process and product
qualification®* already offer options for introducing
AM components into market. However, there is
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currently still missing guidelines that helps for the
structural design of the additively manufactured com-
ponents. The design guidelines available in industry>®
thus far are limited. Factors, which can have influences
on the fatigue of components made using AM-DED-
Arc, such as surface waviness of parts as-built (prior to
final machining), the microstructure, acceptable imper-
fections, relationship of heat input and its correspond-
ing toolpath design and the resulting RS distributions,
have so far merely been scratching the surface in an
introductory way,” '° while the focus has been on small
size lab samples. To have an overview of the state-of-
art, some of these works are reviewed and summarised
below.

Hensel et al.” have shown that the waviness of walls
decreases with increasing interpass temperature when
depositing the low-alloyed high-strength steel (material
type S800 — 10NiMnMoCr8-7-6*°) using AM-DED-
Arc process. They reported that the layer height and its
multiples were deterministic by the toolpath design and
the process, while bulges and overlapping weld metal
occurred randomly. The authors recommended that the
surface condition can be described using W-profiles. In
their metallurgical analyses, the martensite was found
in the deposited thin walls when high interlayer tem-
peratures were applied. While upper bainite was found
when high heat input and low interlayer temperatures
were used for deposition.® They had reported that
active cooling using pressurised air has limited effects
on the surface waviness. As it is known that the cooling
rate determines the resulting microstructure. Weber
et al.*!investigated the strength properties and surface
waviness of walls and hollow structures when deposit-
ing the high strength steel filler material (EN ISO
16834-A G 79 5 M21 Mn4Nil,5CrMo) using AM-
DED-Arc process. Interpass temperatures of 150°Cand
350°C were investigated, as were the heat input and
cooling conditions by choosing one or two weld beads
per layer for path planning. Nearly isotropic material
behaviour was observed for all parameters. The walls
manufactured by two welding beads per layer exhibit a
more homogeneous surface waviness with a lower stan-
dard deviation of the local thickness in the as-built con-
dition. Miiller et al.® reported that the different cooling
media such as water, compressed air and aerosol used
for active cooling can have different effects on the
mechanical properties of the deposits. The water used
for active cooling is the most effective method but pose
practical challenges for application in the production.
They also reported that the active cooling on the result-
ing mechanical properties at lower heat input (2.7kJ/
cm) are more effective than high heat input (4.6 kJ/cm),
which were the two heat inputs investigated in their
studies. Bartsch et al.” primarily investigated the influ-
ences of waviness and printing technology on the fati-
gue strength of thin AM-DED-Arc walls when they are
subjected to loading in the build-up direction numeri-
cally. The influence of the measuring range of the sam-
ple and the sample thickness together with the waviness

was discussed in their study. They pointed out that the
reference length certainly has an influence on the sur-
face properties, for example, roughness, and therefore
plays a role for the definition of surface classes, which
proper classification will need to be developed for guid-
ing future printing using AM-DED-Arc. The influence
of the printing position on the waviness and fatigue
strength was also reported by Hensel et al.'” They con-
cluded that higher waviness resulted in reduced effec-
tive wall thickness and lowered fatigue strength. They
pointed out that softening in the vicinity of the layer
boundaries is a cause of the observed low fatigue
strength. However, the influence of RS on fatigue of
thin walls and after sample preparation was not fully
discussed in their study.

Earlier RS analyses on AM-DED-Arc parts have
primarily focused on small specimens and numerically
studied the possible influencing variables by means of
simulations. Wu et al.'' have identified main factors
contributing to the RS state of the parts deposited
using AM-DED-Arc with the help of machine learning
models and performed simulations on a nickel-base
alloy (material number: 2.4665), stainless steel alloy
(material number: 1.4401) and iron-nickel-chromium
alloy (material number: 1.4958). The substrate preheat
temperature was identified to be most influential factor
among the investigated variables. It is also well-known
in traditional welding that residual stress can be man-
aged by preheating the substrate before welding. It was
reported by Ya and Pathiraj'? that a higher preheating
temperature can result in lower cooling rates, which
leads to lower RS. They also investigated the influences
of the heat input, buffer layers and substrate rigidity on
the RS and concluded that preheating has most effects
on minimising the resulting RS. The aforementioned
studies are supported by Nagallapati et al..,'* who inves-
tigated the influences of process parameters and process
conditions on the resulting RS with two thermal man-
agement approaches named as passive and active. The
passive approach is performed by varying the selected
process parameters to study their effect on RS and dis-
tortion. The active approach was implemented by insu-
lating the substrate with and without adaptive current
and heating the substrate. The significance of heat
input and interlayer temperature focused on in their
study showed that lower cooling rates generally lower
the magnitude of the RS. The heat input is the most
influential parameter from the deposition process point
of view. High interlayer temperatures preventing mate-
rial from cooling down quickly, resulting in a more
homogeneous temperature distribution and therefore a
more homogeneous stress distribution within the mate-
rial. It was also reported by Wandtke et al.'* that a
lower interlayer temperature /can lead to the final stress
built-up of the last layers deposited resulting in a higher
RS gradient between top layer and substrate.

Sun et al.'® have shown experimentally and numeri-
cally that compressive RS are generated from a certain
layer height (about 20 mm reported in their case) in the
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longitudinal direction of thin aluminium alloy walls
deposited using AM-DED-Arc. They reported that the
substrate restrain condition had little influence on
transversal RS within the wall, while the magnitude of
the longitudinal RS was reduced with increased wall
height. The authors found no significant influence of
the clamping device and the thickness of the substrate
plate (SP) on the magnitude of transverse RS formed in
the wall, while the level of longitudinal stresses was
increased by the clamping and the thickness of the SP.
This is however different from the thin wall with rec-
tangular hollow sections deposited using AM-DED-
Arc with high strength steel which was investigated by
Schroepfer et al.,'® who reported that high RS in the
transversal direction can be found in the very top layer
of deposited components. Wandtke et al.'* reported
that apart from the dimensions of length and width of
a hollow structure, it is the height of the deposited
structure that primarily determines the magnitude and
gradient of the maximum tensile RS in longitudinal
direction. The SP thickness has effects on the level of
RS. SP thickness and build height influence the result-
ing bending moments and thus the maximum RS. It
has to be taken into account during design and manu-
facturing that any mechanical arrangement of a struc-
ture deposited using AM-DED-Arc, such as a simple
SP removal, will not only result in a stress release but
also introduce a RS redistribution.'’

Jimenez et al.'® have taken into account phase trans-
formations when modelling the RS of the deposited
creep-resisting alloy ISO 21952-A G CrMo91% using
AM-DED-Arc. Their modelling was validated using
thermocouple data and X-ray diffraction (XRD) data.
Their results show that phase transformations have a
major effect in the final stress state of the part, espe-
cially in the areas close to the deposit. Ding et al.'” also
investigated the influence of printing strategy (toolpath
design) on the RS and deformation of small samples
using AM-DED-Arc simulation. They reported that
inhomogeneous RS can be introduced when using zig-
zag toolpath design with alternating deposition. They
also reported that minimal deformation of the SP can
be obtained after printing by means of weaving motion
transverse to the travel direction. As pointed out by
Srivastava et al.”® that most of the research had been
focussing on the wall structure and small size model-
ling. Much efforts will be still needed for process-scale
modelling, more geometrical complex modelling and
optimisation in controlling of the distortion. As pro-
posed by Lu et al..>* although distortion and RS can be

minimised by controlling the maximum temperature
gradient, it is unavoidable to accumulate RS within the
SP, which should be addressed by lowering the mechan-
ical restraints.

As reviewed in literature, most of research works are
focused on the RS modelling and the validation experi-
ments are mostly focused on the small sized wall struc-
ture samples. As also pointed out from literature,
further research on larger scale modelling and more
complex structures is required. They are motivating to
carry out current research including a comprehensive
experimental RS analysis on a large AM-DED-Arc
cylindrical demonstrator to analyse the RS in the as-
built state and after removal from the SP. Based on this
study, we also aim to develop the methodology that
helps analysing the large-scale 3D printed component
using AM-DED-Arc. In addition, the obtained results
can help for future process scale up modelling
development.

Experimental details

In this study, hollow cylinders were deposited using a
high strength weld filler material (EN ISO 16834-A
G89 6 MndNi2CrMo (X90),>>?® Bohler welding,
1.2mm solid wire) on EN 10025-2-S355J2 + N’ SP
with 30mm of thickness. Process optimisation with
active water cooling was performed on the smaller SP
(300 mm X 200 mm X 30 mm), then the obtained pro-
cess conditions were used for depositing larger hollow
cylinder on a larger SP (400 mm X 400 mm X 30 mm).
As water circulating adjustable, similar cooling can
be reached for both large and small SP. The sample
was deposited using a Panasonic TM2000 WGIII
TAWERS welding system for which the process para-
meters were monitored and controlled using MaxQ.00
system at RAMLAB BV. The Interlayer temperature
was maintained less than 150°C. The smaller sample
was deposited for extracting samples for mechanical
testing. The larger sample was deposited for RS analy-
ses. The chemical composition of the deposits was mea-
sured by optical emission spectrometry as listed in
Table 1.

RS analyses were carried out using different comple-
mentary measurement techniques, including XRD,
incremental hole drilling (IHD) and the contour
method (CM). The measurement locations were
selected points on the top and on the side surfaces.
Subsequent to the XRD measurements, the same loca-
tions were then analysed using the ITHD method to

Table I. Chemical composition of the feedstock used in wt. %. Each measurement was carried out 3 times.

C Si Mn Cr Ni Mo Ref.

0.01 0.8 1.8 0.35 2.25 0.6 2

0.087 0.691 1.571 0.344 2.29 0.548 Mean value

0.0048 0.0185 0.019 0.0069 0.0377 0.0078 Standard deviation of the sample
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Figure 1. Experimental setup of the AM-DED-Arc demonstrator during printing on top of the SP within the bath tub (left) and
theoretical layer design programmed using the software Powermill 2018 (Autodesk Inc.; right).
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Figure 2. lllustration of the small hollow cylinder AM arrangement (left), after fabrication (centre) and visualisation of the sample
position in the demonstrator for determining mechanical properties (right).

determine the RS distribution within the deposited
material (1 mm in depth). The analyses were carried
out both in the as-built condition and after the hollow
cylinder was cut from the SP. This is to evaluate the
RS redistribution effects that can be caused by the post
machining such as cutting. After the hollow cylinder
was cut from the SP, the RS analyses were carried out
using the contour method to determine the circumfer-
ential component RS distribution over the entire hol-
low cylinder cross-section. The hollow cylinder cross
sections were then prepared for metallographic analy-
ses and microhardness testing.

Fabrication of hollow cylinders using AM-DED-Arc

Figures 1 and 2 show the two types of the deposited
hollow cylinders mentioned earlier. The smaller hollow
cylinder (Figure 2) was printed to obtain the optimal
process parameters and deposition conditions. Then
the large hollow cylinder (Figure 1) was deposited for
RS evaluations detailed in the following sections.
Figure 1 shows the larger hollow cylinder (AM-
DED-Arc demonstrator) deposition arrangement. The
SP was positioned and clamped in water on a clamping

Table 2. Parameters used for fabrication of AM-DED-Arc
demonstrator.

Wire diameter in mm 1.2

Shielding gas ISO 14175 - M20 -
ArHeC - 20/12%®

Theoretical layer height in mm 2.1

Wire feed speed vp in m X min~' 7.5

Voltage in V 28

Currentin A 240

Torch moving speed v, in m X min "' 0.9

Amount of beads per layer 7

Interlayer temperature in °C <150

Interlayer waiting time in min 5

Process ISO 4063 — 135-P*

table. Water constantly flowed around the SP to dissi-
pate the process heat. The deposition was monitored
and controlled by a thermal sensor mounted on the
torch. The process parameters applied are listed in
Table 2, which were optimised from the smaller hollow
cylinder (Figure 2) that was deposited for material tests.
The AM-DED-Arc demonstrator has an outer dia-
meter of 390 mm, a nominal wall thickness of 36 mm
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Table 3.

Mechanical properties as a function of specimen orientation.

Yield strength (YS) in MPa

Tensile strength (UTS) in MPa

Elongation As in %  Charpy value (T= —20°C)

843 =47
851 =42

949 = 18
945 = 10

Welding direction
Build direction

199+2
18,9 +2

104,6 = 11
1048 =4

The test was carried out in accordance with ISO 6892-1.3"

The diameter of the tensile specimens was @ 10 mm. The Charpy impact tests were

carried out according to ISO 148-13? with a standard specimen size of 10 mm X 10 mm X 55 mm.

Table 4. Set-up of the residual stress analysis using X-ray
diffraction.

Radiation Cr-ka

Collimator Diameter: 2 mm

Lattice plane 211 a-Fe

E2'', v*!" (Kroener) 220 GPa; 0.29

Exposure time 3s

d-directions 0°; 60°, 120°
-directions 0° to =45° (9 steps each)

and a built height of 63 mm. The hollow cylinder con-
sists of 25 layers with 7-10 beads overlapped per layer.
The hollow cylinder has an overhang towards the cen-
tre of the hollow cylinder with an angle of 20°away
from build direction. The overhang starts at ~30 mm
of the build height. To minimise the number of arc
start/stop positions, a transition area (S-shape) was
defined within the layers, so that all beads were joined
as a single spiral bead. This allowed the wall thickness
of the component to be produced seamlessly (continu-
ous spiral deposition) and the arc start/stop positions
can be placed at outside of the hollow cylinder which
can be machined during the post process. The layer
structure and the additive manufacturing direction were
alternated to ensure a symmetrical heat balance during
the process.

Figure 2 also shows a schematic of sample extraction
for mechanical tests. The smaller hollow cylinder was
deposited on the smaller base plate with a smaller outer
diameter of 188 mm and inner diameter of 20 mm.
Table 3 summarises the mechanical test results. Apart
from the slight average lower yield strength (YS) com-
paring to datasheet,”® the ultimate tensile agrees well
with the wire specification and superior impact and
elongation were obtained. As process optimisation is
not the focus of this work, so it will not be detailed
here. However, the process parameters listed in Table 2
were developed based on methodology presented in our
publication.*

Metallographic analysis and microhardness
measurements
After sectioning of the larger hollow cylinder, a cross-

section area was extracted, embedded, ground and
finally polished with a diamond suspension of 1 pm.

detector

~ measurement
point

Figure 3. Experimental setup of the X-ray residual stress
analysis on the surface of the AM-DED-Arc demonstrator (left)
as well as a detailed explanation of the X-ray beam path using
the sin®}s method (right).

The prepared cross section was etched using Nital (con-
centration 2 Vol.% HNO3) for a period of 10-15s. The
cross section was examined and recorded with the opti-
cal macrographs. Microhardness was also measured on
the metallographically prepared cross section with the
ultrasonic contact impedance method (UCI) according
to the standard DIN 50159-1°% using a hardness scan-
ner UT-200 (BAQ, Germany). A loading force of 4.903
N (HV 0.5) was applied for 0.5s. The indentations were
set with a distance of 0.2 mm away from each other.

Residual stress analysis of the large hollow cylinder
deposited

X-ray residual stress analysis. The XRD measurements
were performed with a six-axis robot diffractometer
(Stresstech, Finland). The system operates in the modi-
fied chi-mode according to standard DIN EN 15305°*
using two linear detectors calibrated by an a-Fe-pow-
der sample. The main measurement parameters are
given in Table 4. Data analysis was performed with the
software Xtronic 1.13.2 (April 3, 2019, Stresstech Oy,
Finland) using a Pearson-VII-function to fit the diffrac-
tion data and to calculate the d-values. The RS were
then determined using regression analysis, that is, gen-
eralised least squares method of the sin*s equation as
described in.*>® This allows the stress tensor to be cal-
culated assuming that the stress component normal to
the surface (033) is 0. In Figures 3 and 4 the individual
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Figure 4. Location of the residual stress analyses lines (A-D) on the outside surface (left), top surface (middle) and location of
the surface residual stress analyses lines (EI—E3) in the area of the bead threshold of the top layer (right) using X-ray diffraction.
Component-related residual stress directions are shown in white. The measurement paths (A-D) were each arranged offset at an

angle of 90°.

measuring paths are indicated along the build height at
the outside surface of the hollow cylinder, respectively
on the top surface before cutting off the SP. The indi-
vidual positions were selected according to the centre of
each deposited bead. Considering its symmetric shape,
the defined measuring paths A, B, C and D for X-ray
measurements should be sufficiently representative of
the residual stress distribution of the deposited mate-
rial. The measuring paths E1, E2 and E3 where particu-
larly interested as its the locations where the material
deposited different from lines A, B, C and D. There
were arc starts/stops within this location together with
the S-shape overlapped parallel beads. It was suspected
that material can be in a different RS state after the
deposition was completed.

Incremental hole drilling. The local depth distributions of
the macro-RS were analysed by means of incremental
hole drilling (IHD) using a drilling device of type
RS200, Micro-Measurements, Raleigh (US). For drill-
ing a TiN coated end mill with a nominal diameter of
¢ 1.6mm was applied. The strain relaxations during
stepwise drilling the blind hole were recorded by strain
gauge rosettes of type CEA-06-062UM-120 (Micro-
Measurements, Raleigh (US)), which were intercon-
nected in a Wheatestone half bridge with temperature
compensation. A carrier frequency amplifier of type
PICAS 4K from Peekel Instruments GmbH, Bochum
(GER) was applied in this case. Stress calculation was
carried out using the differential approach.’” Prior to
the application of the strain gauge rosettes the measure-
ment location must be flattened by careful grinding due
to the rather rough surface of the deposited hollow
cylinder. Hereby, careful attention was paid to ensuring
that as little heat as possible was introduced during pre-
paration into the area of the measuring point (as shown
in Figure 5) to avoid relaxation of the process induced
RS. The RS were calculated using the differential

approach assuming linear elastic and isotropic material
using the macroscopic elastic constants £ = 210 GPa
and Poisson’s ratio v = 0.3 for steel. The measured
strain relaxations were slightly smoothened using cubic
spline functions. When using incremental hole drilling
(IHD) for residual stress analysis, it is important to
note that inserting a blind hole creates a notch effect.
This means that if very high residual stresses (> 70%
of the local yield strength) are present, plastic deforma-
tion can occur at the bottom of the borehole. Due to
redistribution of the stress-strain field in the vicinity of
the borehole, higher strain readings are subsequently
determined by the strain gauges at the surface of the
component. Since the stress evaluation is based on lin-
ear elastic relationships, the residual stresses are thus
somewhat overestimated and can assume values greater
than the yield strength. This effect is well known and
documented in the literature (e.g***). In the results
presented in this work, this effect can be seen in the
ITHD measurements before cutting of SP for the tangen-
tial stress component on the outside surface (measure-
ment points 3D and 6C). Moreover, when applying
IHD, it must be taken into account that strain relaxa-
tions determined by the strain gauges at the top surface
exhibit a certain decay behaviour. This means that at
greater depths, smaller strain relaxations occur for the
same residual stress values. To account for this, it is
recommended (e.g. in the ASTM guideline) to adjust
the step sizes accordingly. We took this into account
when choosing the step sizes.

Figure 6 introduces the measurement locations and
Table 5 shows the measuring positions. In an initial
series of measurements, residual stress analysis was per-
formed on the hollow cylinder before separation from
the SP. The measuring points were located within the
measuring paths C and D of the X-ray measurements.
Three locations were chosen, that is, on the top surface
in the centre of the wall thickness (measuring points
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Figure 5. Image of the hollow cylinder being separated from its SP by means of EDM (left) and images presenting the measurement
locations applied for incremental hole drilling on the top surface of the component (a) and on the outside surface (b). Furthermore,

the measuring directions are indicated.

Figure 6. Image (left) and schematic view (centre) of the measurement locations considered for incremental hole drilling in the as-
built state — with indication of the measuring directions. Schematic view of the cut locations (right) considered for the contour
method (for the sake of simplicity Figure 6 with SP was modified respectively — although that the cuts were done after separation of

the SP).

MP1 and MP4). Further measurements were carried
out on the outside surface of the component, that is,
measuring points MP5 and MP6 for line C and MP2
and MP3 for line D, respectively.

Then, the hollow cylinder was cut from its SP using
electrical discharge machining (EDM). A clear bending
of the SP was observed. To evaluate a possible strain
redistribution due to stress release after cutting off the
SP, further RS analyses using the incremental hole drill-
ing method were carried out at the positions compara-
ble to the measurements performed before the SP cut
off.

Contour method. Complementary RS analyses to resolve
the tangential RS component were carried out by
means of the contour method (CM) as first proposed
by Prime in 2001.*° After the hollow cylinder was

separated from the SP, three sections of about 100 mm
length were cut from section A (as shown in Figure 6).
This is to obtain two cuts (Cut 1 and Cut 2) where both
cutting faces are accessible and to receive a better sta-
tistic over the circumference of the deposited hollow
cylinder.

The sectioning was carried out by means of EDM
using a machine of type Mitsubishi-BA24 (Mitsubishi
Electric Corp., Japan) with a single “skim” cut using a
0.25mm wire at a cutting speed of 6 mm/h. These para-
meters were used to achieve a skim cut finish without
wire failure. To monitoring the stress relaxation during
the first cut, two strain gauges applied on the inner sur-
face of the ring and two strain gauges applied to the
outside surface, all oriented in circumferential direc-
tion. The stress relaxations were reflected in the strain
gauge measurements with the recorded maximum val-
ues about 117 wm/m at the outside surface and about
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Table 5. Location of the measurement points (MP) on the
outside and top surface using incremental hole drilling. The
position of the measuring points is visualised in Figures 5 and 6.

Distance
Measuring position in mm Comment
Position | (MP I) 63 Measured from SP
Position 2 (MP 2) 45
Position 3 (MP 3) 20.5
Position 4 (MP 4) 63
Position 5 (MP 5) 45
Position 6 (MP 6) 20.5
Position 7 (after cutting) 0 Measured from
Position 8 (after cutting, 438 top surface
refers to MP 3 and MP 6)
Position 9 (after cutting, 15.7

refers to MP 2 and MP 5)

Figure 7. Images of the hollow cylinder being opened through
the first EDM cut — no significant distortion could be observed
which was confirmed by strain gauge reading carried out during
EDM.

105 wm/m at the inside surface. This indicated that no
significant bending moment was released through cut-
ting the hollow cylinder and hence there was almost no
distortion of the cut surface to be observed (as shown
in Figure 7).

For the accurate profile measurement of the cut sur-
face, a 3D coordinate measurement machine, ZEISS
PRISMO VAST (Carl Zeiss AG) and a 1 mm diameter
synthetic ruby sphere used as probe, was employed.
The measuring paths on the cut surface were optimised
with respect to measuring time and optimal resolution
(measurement grid in x: 0.0l mm and in y: 0.5mm).
Both Cut 1 and Cut 2 cutting faces were measured and
the data was smoothed using a Fourier series of sixth

order function. Subsequently, the fitted functions of
both cut faces were averaged to remove any “anti-sym-
metric” deviations, while “symmetric” effects originated
from the stress relief, are enhanced.

Finally, the RS were calculated using a 3D finite ele-
ment model (FEM) and the software package
ABAQUS standard (Dassault Systémes Simulia Corp.,
Rhode Island. (US)) was employed for computing. The
cut was modelled based on a scan of the cutting faces
with a depth of approx. 100 mm using reduced quadra-
tic elements (C3D8R) with an element dimension of
approx. 0.5mm on the cutting face. For all element
nodes on the cutting face, the displacements, as deter-
mined from the fitted and averaged function, were
applied as a boundary condition. The RS distribution
on the cut surface was calculated assuming linear elas-
tic and isotropic material using the macroscopic elastic
constants £ =210GPa and Poisson’s ratio v = (.28
for steel.

Results and discussion

Microstructure and microhardness mapping

The microstructure of the large hollow cylinder cross
section is shown in Figure 8. The deposited material is
fairly dense and no cracking was observed. Tempered
martensite was observed from the microstructure and
the measured hardness is around 350 HV 5. This hard-
ness level is comparable to the conventional welded
joints stated in this material class.*! Individual hardness
peaks (approx. 400 HV,s) associated with the path
planning are clearly visible as mapped in Figure 8 left.
Both, the edge and the last layer have the highest hard-
ness values. The last layer on the top exhibit fresh
formed martensite after its deposition which is different
from the layer already deposited, which the formed
martensite had been tempered by the heat introduced
during the subsequent layer’s deposition. The edge side
of the material has continued convection with ambient,
which will be less heat treated during the subsequent
layer’s deposition. Overall, these areas do not experi-
ence any strong tempering effect due to their positions,
hence higher hardness values were observed on the top
after the last layer’s deposition. Isolated softening zones
between the printed beads might be the reason that is
causing slightly lower YS observed in the mechanical
tests. Similar observations were also discussed and
reported by Miiller et al.® The slightly lower YS can be
recovered from the designed post heat treatment, which
is not the focus of the current study, hence, it will not
be discussed here.

Residual stresses evaluation on the deposited hollow
cylinder
Near surface residuals stresses (XRD) before cutting off

substrate. All details from XRD stress analyses carried
out on lines A, B, C and D and lines E1, E2 and E3 are
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Figure 8. Cross section (2% Nital, 25X) and Vickers microhardness map across the cross section.

shown in Figure 4, including the measurement locations
and directions). The plotted curves in the following fig-
ures were smoothed with a moving average in the
period k = 5. This technique was used to better visua-
lise the trend of the analysed RS, which can have large
scattered due to the rough surface and the inhomoge-
neous microstructure. The largest measurement error
determined per measuring point was 62 MPa, with
almost all measuring points being less than 30 MPa.
These errors appear so minor that an error analysis is
not necessary. Figure 9 reveals that the tangential RS
at the top surface are in average about 300 MPa.
Individual values can reach almost 500 MPa whereas
all values are in the tensile range. While there is a pro-
nounced RS gradient in radial direction observed, with
the highest values around 700 MPa reaching approx.
80% of the material’s nominal YS. This stress peak is
only concentrated in the last bead on the outside of the
hollow cylinder. Adjacent to this, the values drop rap-
idly, even into the compression range. From there, a
slight increase in the distribution can be observed
towards the inside of the hollow cylinder. An average of
300 MPa can be found here, although the values of the
individual measurement lines vary greatly. The three
measurement lines in the area where the arc stop was
placed, E1 to E3 (as shown in Figure 10), basically show
the same characteristics in both measurement directions
as the measurement of lines A to D. The absolute values
are somewhat lower compared to positions A to D. This
may be attributed to the S-shape beads which increase
the weld length, hence higher heat accumulated in this
area could reduce the thermal gradient that helps reduce
the level of the RS build up compared to the remaining
section of the hollow cylinder.

The RS on the outside surface of the hollow cylinder
shows similar trends as shown in Figure 11, with the
tangential RS around 300 MPa which corresponds to
the level already reached on the top surface in

tangential direction. Towards the SP, the RS decrease
to around 100 MPa. What is also worth noting is that
the RS distribution on the outside surface in the axial
direction has similar characteristics to the RS in the
radial direction on the top surface. In both cases, the
last bead shows the highest tensile RS level up to
around 80% of the material nominal YS. In addition,
the sharp gradient to compressive RS were also
observed. Thereafter, the RS increase more sharply
towards the SP and it again shows significant increase
as tensile RS.

While the tensile residual stresses in tangential direc-
tion on the top and outside surface are expected due to
the restraint of the shrinkage during cooling, the high
tensile RS maxima concentrated on the last bead of the
hollow cylinder in radial direction are rather surprising,
as there is comparatively little restraint on shrinkage
here. Therefore, the cause of the tensile RS peak sug-
gests the influence of so-called transformation stresses.
This phenomenon, also known in welding**** of low-
alloyed high strength steels, and is based on two effects.
Firstly, compressive stresses form during the phase
transformation from austenite to martensite and/or
bainite due to the associated volume expansion. This
could be the case as the low-alloyed high-strength weld
metal applied here. This is also supported with the
microhardness map as shown in Figure 8. The last bead
shows the highest hardness corresponding to the non-
tempered martensite of the microstructure. Secondly,
the temperature differences between the surface and
centre of a weld bead led to a temporal offset of the
stress-generating mechanisms of restrained shrinkage
and phase transformation. As a result, the volume
expansion that initially takes place on the more rapidly
cooling surface is hardly hindered by plastic deforma-
tion of the still warmer centre. Further cooling of the
surface therefore results in shrinkage-related tensile RS,
which are further increased by the compressive stresses
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of the last deposited bead including data from measurement lines El to E3 and smoothed curve.

resulting from the phase transformation in the centre.
Finally, the centre bears the compressive RS, and a
small surface area shows tensile RS for self-balancing
the material’s internal stress states. Reheating or tem-
pering such zones can eliminate this stress gradient
which explains that the high stress only can be observed
in the area of the last bead. This will be further dis-
cussed in the later section together with the results
obtained from the contour method.

Intermediate zone: incremental hole drilling (before cutting off
from substrate). Figures 12 and 13 shows the results
from incremental hole drilling performed before cutting

off the SP, which the measurements were performed at
position D and C (as shown in Figures 4-6), respec-
tively. The results indicate that close to the surface at
the top position (position 1 and position 4, as shown in
Figure 6) in the mid of the deposited hollow cylinder,
compressive RS levels about —140 and —180 MPa are
determined in radial direction. For both locations the
RS along the depth distributions shows a gradient
towards tension along the drilling depths, reaching a
value of about 120 MPa (pos. D) and 220 MPa (pos. C)
with a zero crossing in a depth of about 0.85 and
0.5mm, respectively. For the tangential direction, the
differences between the two measurement positions C
and D are larger. Here, at the top surface tensile RS
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determined by means of incremental hole drilling for the state before cutting off from the SP. Measured from the surface of the SP,
the distance of measuring point 2 to it is 45 mm and the distance of measuring point 3 to it is 20.5 mm.

are observed, but the stress level for position D is much
lower than that at position C. The tensile RS close to
the surface is about 360 MPa and in a depth around
1 mm is slightly above 500 MPa, as shown in Figure 13,
Pos. 4C (Top).

At the outside surface the depth distribution at
measuring positions D and C are in good agreement
for the measuring points 2 (D) and 5 (C; as shown in
Figures 4-6) closer to the top surface and points 3 (D)
and 6 (C) being closer to the SP. At positions 2 and 5
the RS in both direction tangential and axial are in

rather high tension close to the surface with the higher
values for position 2 (D) reaching values slightly above
600 MPa. The RS distribution show a decrease with
increased drilling depth around 1 mm, and the observed
RS levels are in the range between about 200-300 MPa.
Considering the spatial resolution and process limits of
both measurement methods (XRD, IHD) as well as
inhomogeneous microstructure, the results, as shown in
Figures 11-13, are in good agreement.

Also, at the positions closer to the SP (Pos. 3 (D)
and Pos. 6 (C)) the RS along the depth distribution in
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Figure 13. Residual stress depth distributions of the measurement positions 4, 5 and 6 (cf. Figures 5 and 6) from direction C
determined by means of incremental hole drilling for the state before cutting off from the SP. Measured from the surface of the SP,
the distance of measuring point 5 to it is 45mm and the distance of measuring point 6 to it is 20.5 mm.

both measurement directions show a good agreement.
In axial direction, the tensile RS with a peak value close
to the surface is about 410 MPa (Pos. 6 (C)) and
220 MPa (Pos. 3 (D)). The distribution for the axial
component shows a decreasing with increased drilling
depth towards zero at Pos. 3 (D) and even into the
compressive region to about —90 MPa around 1 mm at
Pos. 6 (C). In tangential direction rather high tensile
RS are determined for both measurement locations. At
location Pos. 3 (D) strong fluctuating tensile RS
between about 775-1180 MPa are observed over the
entire depth analysed. At measurement Pos. 6 (C), it is
also observed that the high tensile RS with a peak value
reaches about 1150 MPa near the surface. At this loca-
tion, a decreased trend of the tensile RS along the drill-
ing depth was observed, which the values drop to
600 MPa around drilling depth of 1 mm.

Intermediate zone: incremental hole drilling (after cutting off
from substrate). After cutting off the SP, incremental
hole drilling measurements were performed at Pos. 7,
Pos. 8 and Pos. 9 (as shown in Figure 5) which are cor-
responding to the Pos. 1, Pos. 3 and Pos. 2, respectively.
The computed RS are plotted in Figure 14. It shows
that the cutting off the SP can have a big influence on
the RS distribution within the deposited material. This
was indicated on the macro level by the observations
made when the SP exhibits large distortion after the
EDM cut.

The results indicate that close to the surface, that is,
at the top surface (Pos. 7 (top), as shown in Figures 5
and 14) in the mid of the deposited hollow cylinder,
compressive RS are determined about —170 MPa in

tangential direction. The RS depth distributions (in the
range between 0.35and 0.8 mm) show a trend towards
compression along the drilling depths reaching a value
between —260 and —300MPa. With measurement
depth (in the range between 0.8and1.2mm) further
increased, the residual stress trending towards lower
compressive stress (~-100 MPa).

For the radial direction of the RS at the top surface
in the mid of the deposited hollow cylinder, a nearly
constant level of about 100 MPa in tension is deter-
mined up to a depth of about 0.8mm as shown
in Figure 14, Pos. 7 (top). With measurement depth
further increased, the tensile residual stress increase
to around 200MPa at the depth around 1mm.
Comparing Figure 12 (Pos. 1 (D)), Figure 13 (Pos. 4
(C)) and Figure 14, Pos. 7 (top), for both radial and
tangential directions, the residual stress levels and dis-
tribution were rearranged after cutting of the SP.

After cutting off the SP, the two measurement posi-
tions (Pos. 8 (mantle) and Pos. 9 (mantle) as shown in
Figure 14) at the outside surface of the hollow cylinder
show a big difference comparing to the RS as shown in
Figures 12 and 13 for Pos. (3, 6) and Pos. (2, 5), respec-
tively. After the SP cut off, the residual stress measure-
ments at Pos. 8 (mantle) and Pos. 9 (mantle) shows
similar trend, with the tensile RS in tangential direction
being determined between 95and 145 MPa. Tensile RS
increase with increased drilling depth to values of
around 250 MPa at 1 mm drilling depth. The tensile RS
determined in axial direction show the same trend as in
tangential direction with slightly higher values, where
the RS determined closed to the surface were between
250 and 280 MPa. With further drilling depth increase,
the RS further increased between 300 MPa as shown
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both in Figure 14, Pos. 8 (mantle)) and 380 MPa as
shown in Figure 14, Pos. 9 (mantle)).

As shown in Figure 14 Pos. 9 (mantle), the pro-
nounced effect of RS redistribution was observed.
Comparing the near-surface tangential RS shown
in Figure 14 Pos. 9 (mantle) with the tangential
near-surface RS shown in Figure 12 Pos. 2 (D) and
Figure 13 Pos. 5 (C), the tangential near-surface tensile
RS were reduced by ~450 MPa after SP was cut off. In
a drilling depth of 1mm, RS were increased by
~50MPa. In axial direction similar findings were
observed at a lower level.

Figure 14. Pos. 8 (mantle) shown the strong effect of
RS redistribution as well. Comparing with Figure 12
Pos. 3 (D) and Figure 13 Pos. 6 (C), an overall stress
level reduction can be observed. The tangential tensile
RS near the surface reduced around 1000 MPa in aver-
age and the RS level at the drilling depth of 1 mm
reduced around 850 MPa and around 350 MPa, respec-
tively. In axial direction the redistribution effect is com-
parably less as the stress level and trend change due to
the cutting off the SP plate is much smaller. Comparing
Pos. 8 (mantle) with Pos. 3 (D) and Pos 6 (C) the near-
surface RS kept nearly constant or increased slightly
around 140 MPa, respectively. In a drilling depth of
Imm RS close zero or slightly in compression have
been found. Worth noting here is that the small redistri-
bution effect of the RS due to cutting off the SP corre-
sponds well with the distortion of the cut surface during
the EDM cut in axial direction as shown in Figure 7.

Bulk: contour method (hollow cylinder after cutting off from
substrate). Figure 15 shows the 2D plots of the tangen-
tial RS determined using the contour method. The

small partial images on the left of the Figure 15 repre-
sent the RS distributions over the cross sections of the
individual cuts, Cut 1 and Cut 2 as shown in Figure 6.
Since both measurements show a rather similar distri-
bution, an average was calculated and shown as a big
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0'tangemial / MPa
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Figure 15. Representative 2D contour plot presenting the
tangential residual stress component over the hollow cylinder
cross section for Cut |, Cut 2 and the Average of both cuts —
results of the residual stress analysis by means of the contour
method.

image at the centre in Figure 15. All corners show ten-
sile RS reaching values of about 300-350 MPa. These
tensile RS are balanced with compressive RS (around
—350MPa) at the centre of the deposited material.
Some details are worth noting, that is, large localised
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compressive RS spot observed at the upper corner
where very high compressive stress reaches about
—800 MPa. About 25mm below this compressive area
a tensile RS area (max. 376 MPa) was also observed.
As explained in the earlier section on the surface RS,
the compressive stress developed due to the effect of
time-delayed phase transformation.*** It is also note-
worthy that the RS on the surface in the tangential
direction are locally less influenced by this than in
radial or axial direction. Similar phenomena are known
from welding,** ** where compressive longitudinal RS
in the core often lead to unexpected high tensile trans-
verse RS in a narrow surface layer. This kind of results
are not often presented as it involves the different mea-
surements from X-ray and neutron diffraction or the
contour method and analysed through numerical simu-
lations. Apart from this, it is often observed in additive
manufacturing®® that compressive RS are predomi-
nantly present at the centre of the deposited material,
which are in equilibrium with the tensile RS at the out-
side of the structure. This is often described, but not all
cases are quantitively investigated. Case-by-case inves-
tigations on the localised RS distribution such as pre-
sented in this work may be needed.

Evaluation of residual stress for design of
AM-DED-arc components

There is consensus that in most cases tensile RS
decreases fatigue strength, while compressive RS causes
an increase of fatigue strength.***” For fatigue assess-
ment, long range RS (equilibrium in the entire compo-
nent) on a macroscopic scale are treated as load mean
stresses.*® " In fatigue assessment of welded compo-
nents, the current design guidelines consider the effect
of RS> together with low mean stresses (stress ratio
R < 0.5). The International Institute of Welding
(ITW) recommendation® allows the application of an
enhancement factor f (R,RS) for RS that can be cate-
gorised as “low,” “moderate” or “high” by multiplying
with the original fatigue class (FAT). The design guide-
line of the “Forschungskuratorium Maschinenbau
e.V.” (FKM, in German)’ introduced the RS factor
KE +(RS). Kg, is multiplied with the mean stress factor
Kak " (M4(RS)) by taking the mean stress sensitivity
(M) into account. In both design guidelines, a factor-
1al distinction is made between “low,” “moderate” and
“high” RS. The definitions of the classifications are
more of a qualitative nature and are handled differently
in the guidelines for classification of “moderate” and
“high” RS.

Although the production of the AM-DED-Arc com-
ponent is categorised as primary forming, it is currently
not defined how such components are designed and
where verification points on the AM-DED-Arc compo-
nent are to be set (transition to the SP, layer-wise).
Provided that AM-DED-Arc components are allowed
to be treated as welded components, the results of the

RS analysis performed in our work are assessed accord-
ing to the aforementioned classifications (Table 6).

Both design guidelines limit low RS at 20% of the
YS of the material used. Based on the measured yield
strength (~850 MPa) of the deposit as listed in Table 3,
the maximum RS determined in our work exceed this
limit in the as-built state in which the SP is attached.
No direct quantitative measure is given to distinguish
between “moderate” and “high” RS within the above-
mentioned classifications. However, both guidelines
consistently define “high” RS as conditions in thick
wall structures without defining the wall thickness.
In our current work, we assume our deposit as thick-
walled structure (potentially high tensile residual
stresses), an enhancement factor of 1.0 must be used
regardless of the manufacturing condition of the AM-
DED-Arc component and load case as shown in
Table 6. Meanwhile, the definition of moderate RS level
as well as the direction-dependent interaction of RS in
interaction with the present load case is not sufficiently
addressed in the design codes.>® This could lead to the
selection of more favourable RS factors. However, after
cutting off the hollow cylinder from the SP the highest
measured tensile RS are less than 50% of YS of the
deposited material as shown in Figures 14 or 15. This
stress level is not to be considered as “high.” Rather
“moderate” RS are present. Assuming the loading of
the investigated AM-DED-Arc-component is fully
reversed (R = —1), this would mean an enhancement
factor of 1.30 and 1.15, according to the IIW recom-
mendation® and FKM guideline® may be valid, respec-
tively. After SP was cut off, the RS measured in our
work are mostly below 20% YS of the deposited mate-
rial. Depending on the measuring direction, RS reach
to maximum 33% of YS of the deposited material
(Table 6). If the RS in both measurement directions are
considered in the design via an equivalent stress as well
as the fact that high compressive RS in the volume
could affect the RS factor Kg, it is conceivable to apply
“low” RS for a AM-DED-Arc component in the design
after cutting off SP.

In the case of the remaining SP, design verification
is conceivable at several points on the DED-Arc com-
ponent. For example, the transition between the AM-
DED-Arc structure and the SP exhibits high tensile
RS, while the individual weld seams of the actual AM-
DED-Arc structure are also exposed to different levels
of RS. With reference to the RS state, future investiga-
tions should focus on the cyclic RS stability and further
quantitatively categorise the RS in the design.

Summary and conclusion

The aim of the study was to experimentally determine
the RS state on a thick-walled AM-DED-Arc
(GMAW-based) demonstrator and to evaluate the
influence of the cutting off process of the component
from the SP. Complementary methods of RS analyses
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were applied to gain a holistic insight into the RS distri-
butions introduced during deposition using AM-DED-
Arc. The obtained results are expected to be helpful for
AM-DED-Arc components’ design, where the RS level
and distribution can be considered during design stage.
In addition, the findings are also used for testing the
load cases and classification of the RS in the fatigue
assessment. RS on the hollow cylinder top surface and
outside surface were measured using XRD and using
IHD. The latter method was used to evaluate the RS
before and after cutting off SP. The contour method
served to evaluate RS (tangential component) within
the deposited material after cutting off the SP. The cur-
rent design guidelines together with the determined RS
were discussed and evaluated.

Based on the results obtained within our current
work, the following conclusions can be drawn:

e The RS state for the AM-DED-Arc demonstrator
examined here is asymmetrical. Only by utilising
the advantages of the various measurement meth-
ods, the actual residual stress state of such compo-
nents can be analysed, thereby promoting the
design of such components.

e Deposition strategy (the continuous spiral toolpath)
has minimum impact on the RS distribution. Bead
threshold of this deposition strategy seems to be no
structural imperfection of the component in terms
of RS.

e Tangential direction: Tensile RS are formed due to
shrinkage-constraint on the top surface and outside
surface of the component.

® In radial direction of the component exhibiting less
shrinkage-constraint, high tensile RS are generated
assumably by time-shifted phase transformation
between the corner and the volume of the compo-
nent in the last bead of the top layer. These tensile
RS are offset by compressive RS in the volume.

e  With decreasing distance to the SP, high tensile RS
at yield point level could be determined on the out-
side surface of the hollow cylinder, which suggests
the transition to the SP to be considered when
design AM-DED-Arc component.

e With reference to the determined RS prior to
removal of the SP, the RS must be set to “high” for
this production state of the component following
current design guidelines.

e Based on the RS analyses, the RS distribution is
non-symmetrical, critical locations of AM-DED-
Arc components are recommended to be measured
and verified.

e After cutting off the AM-DED-Arc hollow cylinder
from the SP, tensile RS of < 50% of the material
yield strength are achieved by a significant redistri-
bution of the RS; at some design-relevant locations,
values below 20% of the material yield strength are
even determined. Such low RS can justify the use
of associated enhancement factors in the fatigue
assessment according to Table 6.

Although 3D printed component using AM-DED-Arc
experienced complex thermal history and surface wavi-
ness leading to complex RS distribution, it still can be
characterised as-built by using existing RS analysis
techniques. This work employed these techniques and
obtained results were complementary with each other,
which was able to provide us a rather completed over-
view of the RS distributions. The obtained results can
contribute and be helpful for future RS investigations,
either experimentally or numerically, on the 3D printed
components by AM-DED-Arc.

The current study shows the significant effect of the
redistribution of RS in big scale AM-DED-Arc struc-
tures after the component is released from the SP. A
high degree of RS relaxation was determined in this
work, which shows that the general consideration of
“high” or “close to the yield point” tensile RS in such
thick-walled components is rather over-conservative.
Therefore, current general definition of RS of thick-
walled components in the design guidelines should take
the manufacturing condition into account. The consid-
eration of several RS analysis directions and the inter-
action with the RS in the volume of deposited material
appears valuable in this context.
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