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ABSTRACT

Quality assurance is one of the largest challenges to the widespread adoption of metal additive manufac-
turing technology. Deposition pattern can significantly impact the temperature distribution during man-
ufacturing process and thus the overall quality and residual stress formation of the manufactured
components. In order to explore the intricate relationship, three different deposition patterns in DED-
Arc additive manufacturing, the meander pattern, the spiral pattern and the newly developed S pattern,
were experimentally and numerically scrutinized in terms of the resulting temperature distribution,
grain size, porosity as well as residual stress formation. The study reveals that the variation of the depo-
sition paths results in characteristic temperature fields and gradients with distinct local peak tempera-
tures that determine the deposition quality, and simultaneously offers great degrees of freedom for
optimal pattern design. Comparing the results with different deposition patterns, the S pattern leads
to a more homogeneous temperature distribution, showing beneficial effects on the microstructure,
porosity and residual stress formation in the deposited Al-4046 material, and is thus regarded as a
promising alternative for improving additively manufactured parts quality.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Recently, there has been a growing interest in advanced manu-
facturing methods in research and industry. One of the emerging
technologies is additive manufacturing of metal components using
gas metal arc welding technology [1,2]. DED-arc additive manufac-
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turing also known as wire arc additive manufacturing (WAAM) is
considered a disruptive technology that addresses some of the
major downsides of laser-powder-based additive manufacturing.
The equipment is more robust, the investment cost of equipment
and systems is lower, the build-up volume is easily scalable, and
the feed material is available in various grades of high quality. Fur-
thermore, the deposition rate compared to single laser processes is
higher. On the other hand, the geometric accuracy and surface
quality is considerably lower [3].

High deposition rates of WAAM result from a relatively high
energy input, which leads to relatively large melt pools, but also
to excessive grain growth, which impairs the mechanical proper-
ties. Furthermore, the distinctive local thermal gradients during
manufacturing, combined with increasing restraint, cause residual
stress and distortion. These phenomena are considered as one of
the major challenges during WAAM, as they affect material charac-
teristics, post-weld machinability, and the additive manufacturing
process itself [4]. Three-dimensional distortion affects process
parameters such as the orientation and distance of the welding
torch to the work piece. Low accuracy of deposition position may
result in high geometric inaccuracy, process instabilities, defects
or process interruption. Although some ideas for geometry adap-
tive path planning exist, pre-planning of build-up strategies and
offline programming of WAAM machines are state of the art nowa-
days [5]. Today, the user of the WAAM technology must therefore
trade theoretically possible high deposition rates for lower distor-
tion. This is especially true in case of WAAM of aluminum compo-
nents due to high thermal conductivity, low Young’s modulus and
low yield limits of filler wires in the as-built condition.

Based on its physical properties of a high strength-to-density
ratio, high thermal and electrical conductivity and good corrosion
resistance, aluminum is a commonly used material in a variety of
industrial applications such as aerospace, automotive and con-
sumer industries. Due to its unique advantages in terms of material
utilization, high deposition rates, freedom of design and the possi-
bility to manufacture independently from the number of compo-
nents produced, WAAM of aluminum alloys is particularly
suitable for the production of complex geometries for large scale
light-weight structures as well as for the individualization of
semi-finished cast components [6,7]. However, the physical prop-
erties of aluminum also present special challenges for gas metal
arc welding-related processing during WAAM. The high thermal
conductivity and thermal expansion coefficient result in rapid heat
dissipation and hence to high temperature gradients and the for-
mation of comparatively high shrinkage strains [8,9]. Further, the
high temperature gradients during deposition often result in a soft-
ening and coarse grain formation of the heat affected zone [10]. A
high difference in the solubility limit of hydrogen during solidifica-
tion of aluminum is commonly referred to as the main reason for
process induced formation of metallurgical porosity [10-12].
Thereby, hydrogen from the process environment and surface con-
taminations is dissolved in the melt pool and enclosed in the depo-
sition metal during solidification, causing gas porosity. Studies on
thin-walled and block WAAM samples show that the quality of
WAAM aluminum components in terms of geometrical and
mechanical properties as well as porosity formation is determined
by the material composition, the process settings and the temper-
ature distribution during deposition [13-18]. To reduce the heat
input during deposition, energy reduced short arc processes such
as cold metal transfer (CMT) are widely used for WAAM [19,20].
For the processing of Al-alloys, process variations including CMT
pulse and CMT advanced have shown beneficial effects with regard
to penetration characteristics, microstructural properties and the
formation of porosity [14]. Further, the interlayer temperature
can affect the deposition properties. For AIMg5, Derekar et al.
found an increase in small size pores as well as coarser grain size
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using higher interlayer temperature, whereas a lower interlayer
temperature led to an increase in large size porosity [16].

Besides various influences by the processing technology itself,
path planning can have a major influence on the overall quality
of WAAM components. According to Liu et al., path planning meth-
ods for WAAM can be mainly divided into linear path planning,
contour path planning and the combination of aforementioned
(see Fig. 1) [4]. Thereby, the raster and zigzag (also referred to as
meander) pattern are the most commonly used linear path plan-
ning strategies [21]. The raster strategy relies on filling the contour
with individual lines. This leads to an easy implementation with
limited computing time [22]. However, the high number of single
deposition paths can lead to poor contour accuracy and the accu-
mulation of geometrical deviations caused by a high number of
arc start/stop-positions [23]. It is further expected that the raster
pattern will lead to comparatively high residual stress due to the
uniform direction of the deposition paths combined with higher
residual stress longitudinal to the deposition direction and at arc
start positions [24]. Derived from the raster strategy, the zigzag
method combines individual line segments to a continuous mean-
dering shape by alternating the path direction and connecting the
lines start- and end-points, thus leading to a significant reduction
of arc start/stop-positions [25]. Especially for complex shaped con-
tours with islands and concave geometries, the zigzag method
shows a more difficult implementation, leading to a segmentation
with multiple meander paths. In order to enhance the contour
accuracy and to further reduce the number of arc start/stop-
positions for zigzag-based path planning of complex shaped struc-
tures, Ding et al. proposed a method in which the geometry is
decomposed into convex sub-geometries [21]. By linking the zig-
zag sub-tool paths, a continuous process was realized. Wang
et al. presented an advancement of the zigzag strategy based on
a water-pouring method, effectively reducing the number of arc
start/stop-positions and improving on the surface uniformity
[26]. However, the comparatively long, continuous deposition
sequences can lead to constantly increasing component tempera-
tures, depending on the material and process settings, and thus
affecting the metallurgical and geometrical properties during
deposition. The contour filling strategy is based on an incremental
scaling of the outer contour from the initial geometry and results in
superior contour accuracy compared to linear path planning strate-
gies [4]. Referring to the contour filling, the spiral pattern is used to
reduce the number of individual deposition paths for convex
shaped geometries [27]. Due to the contour-offset, based on the
width of the deposition bead, contour filling and spiral path plan-
ning often result in voids when the geometry does not match an
integer multiple of the bead width. For improving geometric accu-
racy and enabling the manufacturing of void-free parts using con-
tour parallel path planning, Xiong et al. introduced a process
planning framework based on variable bead width by adapting
the processing parameters [28]. A combination of contour path
and linear zigzag fill-in can be used to combine the advantages
in terms of contour accuracy and building efficiency. Comparing
the residual stress formation in combined zigzag and contour fill-
in, Zhang et al. found lower, more uniformed, residual stress in
areas with contour patterns due to a more uniform temperature
distribution [24]. From this research, it is suggested to use a max-
imum of contour paths before switching to zigzag pattern in order
to minimize residual stress. Su et al. investigated the influence of
deposition pattern and interlayer rotation on the resulting
microstructure and tensile properties using AlSi5. The results
showed comparatively lower grain size and higher tensile strength
using raster pattern with 45° interlayer rotation whereas an inter-
layer rotation of 90° resulted in better ductility [29]. Based on the
current state of research, each deposition pattern has its individual
advantages and disadvantages in terms of geometrical accuracy
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Fig. 1. Example of commonly used deposition patterns for WAAM.

and applicability, mechanical properties as well as production
speed. Therefore, the choice in deposition pattern depends on the
particular application and quality requirements.

Residual stress and distortion are, to some extent, an unavoid-
able problem during WAAM of metals due to the high heat input.
Especially in case of WAAM using aluminum, the heat input is
not arbitrarily reducible due to the high heat conductivity of alu-
minum alloys and the interconnected tendency to cause lack of
fusion of different layers. Since residual stress and distortion affect
both the production processes and component abilities in service,
such as fatigue strength and corrosion behavior, a better under-
standing of generation mechanisms is needed, as pointed out by
Williams et al. and Gibson et al. [30,31]. The general phenomenon
of residual stress generation due to local thermal arc and laser
treatments is well understood from many decades of research in
welding technology [32,33]. Important analogies are evident in
terms of influences from heat input, pre-heating and interlayer
temperatures, material characteristics and process management.
Many of these parameters were studied with regard to laser-
powder AM processes, mainly laser powder bed fusion (LPBF).
Mercelis and Kruth observed high residual stress at the interface
of substrate and build-up material during laser powder bed fusion,
while the magnitude of residual stress is determined by the
restraint of the substrate and the clamping [34]. Salmi et al inves-
tigated residual stress formation in AlISi10Mg processed by laser
powder bed fusion and proved that a lower degree of restraint
resulting from a slender substrate or weaker support structures
is beneficial [35]. Furthermore, the degree of restraint can be
reduced by limiting temperature gradients. Wang et al. demon-
strated the positive effect of increased interpass temperatures on
residual stress in AlSi10Mg produced by LPBF [36]. Furthermore,
the overall geometry of the build part determines the residual
stress magnitude and distribution. Tensile residual stress is usually
found at the last deposited layers, while the layers at the interface
to the substrate are in compression. The substrate itself is often
under bending stress as well, with tension at the top surface and
compression at the bottom, see research from Colegrove et al.
and Honnige et al [37,38]. Another approach to control the degree
of restraint during manufacturing is to homogeneously distribute
the heat in the component through adjusted scanning strategies
during LPBF. Robinson et al. recently demonstrated this approach
and proved the beneficial effect, although residual stress cannot
be fully suppressed [39].

This study focuses on the possibility to positively affect residual
stress fields, grain size, and porosity by controlling temperature
gradients through adaption of deposition patterns during WAAM
with AlSi10Mg filler wire. The idea of this work is to minimize tem-
perature gradients within the entire build-up volume by a more
homogeneous heat input. Three deposition patterns with continu-
ous deposition processes are investigated in this work: The mean-

der pattern, the spiral pattern and the novel S pattern recently
introduced by Sun et al. [40]. Next to residual stress, this study
compares the quality of deposition volumes, material irregularities
and metallurgy.

2. Materials and methods
2.1. Sample preparation

The experimental robotic-WAAM setup consists of a KUKA KR-
22 6-axis robotic system with a tilt and turn positioning table cou-
pled with a Fronius CMT-Advanced 4000 welding power source
(Fig. 2 (a)). For the manufacturing of WAAM samples, a custom-
made ER4046 solid wire electrode with a diameter of 1.0 mm
was used on an EN6062 wrought plate substrate with the dimen-
sions of 120 x 120 x 10 mm?. The chemical compositions of the
materials are provided in Table 1. Commercial grade Argon
(Ar > 99.996%) with a flow rate of 14 1/min was used as shielding
gas. During the deposition process, the samples were clamped on
an aluminium plate at opposing sides to prevent dislocation of
the sample. Further, the aluminium plate served as a heat sink,
allowing an even heat dissipation during the cooling interval
between layers.

In order to study the effects of different deposition patterns on
the resulting material properties as well as the development of
residual stress, three samples were manufactured using different
deposition patterns (Fig. 3). To ensure comparability, all patterns
were deposited using continuous passes of each layer without
intralayer start-stop sequences. After each layer, the pattern was
rotated clockwise by 90°. In addition, the deposition strategy for
the spiral pattern alternated between inside/out and outside/in
after each layer to avoid excess material at the center due to over-
lapping start-stop sequence. For the path planning of the different
patterns, the DCAM CAD/CAM software by SKM Informatik was
used. The total length and width of the deposit were set at
70 mm and the center-to-center distance between single deposi-
tion passes was set to 3.15 mm (Fig. 2). Each sample consists of
four layers resulting in a sample height of approximately 10 mm.
The samples were manufactured with identical deposition param-
eters using Fronius CMT + Pulse arc characteristics.

Table 2 provides a summary of the process parameters. The

average current I;, voltage U; and energy input per layer W; were
obtained from process monitoring using a HKS WeldScanner with
a sample rate of 1 kHz. The calculation of the energy input per layer
is based on Equation (1). Further, the contact tip to work piece dis-
tance was set at 15 mm.

W, = / Uilidt (1)
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Fig. 2. Sample preparation (a) experimental setup and (b) sample geometry.

Table 1
Measured chemical composition of filler wire and nominal composition of substrate material (wt %).
Alloy Chemical Composition (wt %)
Al Mn Mg Si Fe Cu
Filler Wire: bal. <0.001 0.26 9.24 0.13 <0.001
ISO 18273 - S Al 4046
Substrate: bal. 0.4-1.0 0.60-1.2 0.7-1.3 <0.5 <0.1
EN AW 6082

Fig. 3. Investigated deposition patterns with start (green)/stop (red) features and deposited samples; (a) meander pattern; (b) spiral pattern; (c) S pattern. Red lines point the
sections of microstructural analysis; blue lines point the sections of hardness mappings. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)

Preheating is beneficial for sufficient weld penetration at the
start of layer sequence due to high heat dissipation. Prior to depo-
sition, the substrate was preheated to 120 °C using a heating plate.
Following sample positioning, the deposition of the first layer was

started at a substrate temperature of 100 °C. After deposition of
each layer, a cooling period was included by a defined intermediate
time between layers. Higher interlayer temperatures can affect the
geometrical uniformity due to continuous heating during the
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Table 2

Process parameters for sample manufacturing.
Parameter Value
Average Current 909+03A
Average Voltage 19.0+0.7V
Wire feed speed 6.0 m/min
Deposition speed 600 mm/min
Average energy input per layer 238.7+69K

Time between layers ti2=185st3=265st34=315s

deposition process. In order to obtain comparable interlayer tem-
peratures, the intermediate time between layers was increased
after each layer according to the values given in Table 2.

2.2. Characterization methods

To determine the temperature distribution depending on the
deposition pattern used, a temperature measurement was carried
out using type-K thermocouples at four symmetrical arranged
locations on the substrate plate. Positions for temperature mea-
surement (Tq, T, T3, T4) are marked in Fig. 2 (b). Following the sam-
ple preparation, the samples were analyzed regarding surface
residual stress, porosity, grain size and hardness.

The residual stress after the deposition process was determined
by X-ray diffraction establishing the sin*\;-method with copper-
radiation source. The diffraction patterns were obtained from
{333} crystalline plane of aluminum phase at 21 angles between
® =159° and 165°. The collimator diameter was 2 mm. For the cal-
culation of stresses, the elastic constant ¥4 S, = 19.77 mm?/N was
chosen. Residual stress measurements were obtained along a diag-
onal line on top of the build-up material (Fig. 4). The specimens
were not treated after deposition, except for a careful cleaning with
ethanol. Hence, surface residual stress was determined in the as-
deposited condition before further treatment was conducted.
Stress components were determined in three directions 0°, 45°
and 90° assuming plane-stress conditions. The diagonal measure-
ment path covered almost the entire specimen width. The mea-
surement was not conducted at the very corners of the specimen
due to geometric constraints and possible measurement error
resulting from rounded surfaces.

To examine the pore size and distribution as well as the total
number of pores of the deposited material, X-ray computed tomog-
raphy (XCT) analysis was conducted. Complete samples were
scanned using a GE phoenix vtomexs micro XCT system with an

L B
[
P
S
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-
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exposure time of 600 ms, a tube voltage of 220 kV and a beam cur-
rent of 160 pA. The settings resulted in a voxel (volume pixel) size
of 0.1 mm. The volume reconstruction and analysis of the porosity
were performed using VGStudioMax software. In order to solely
consider valid pores and exclude measurement artifacts a thresh-
old of 0.4 regarding the sphericity of the measured volume defects
was applied. Thereby, the sphericity indicates how closely the
measured defect resembles the shape of a perfect sphere (spheric-
ity of 1.0).

Following nondestructive testing, metallographic samples used
for EBSD and hardness measurement were sectioned according to
Fig. 3. Metallographic samples were used for the preparation of
cross-sections and hardness testing likewise. Cross-section sam-
ples were polished with up to 2 um polishing solution and etched
using Kroll etchant. Comparative hardness measurement was per-
formed using Ultrasonic Contact Impedance (UCI) method with HV
0.5 specification. Hardness mappings of the deposited material
were conducted with a line- and column-pitch of 0.4 mm. The
microstructures were further characterized from outer ¥ and mid-
dle quarter length of the samples on the horizontal and plate nor-
mal centerline (Fig. 3) with ZEISS Sigma field-emission scanning
electron microscope equipped with EDAX Hikari XP electron
backscatter diffraction (EBSD) camera and TSL OIM software. Each
material was scanned with a step-size of 2 um for at least 4.4 mm?
area and > 3000 identified grains with > 15° misorientation and a
diameter of > 3 um, and data below a confidence index of 0.05
was excluded from the analyses before the clean-up procedure.
The results of the grain size measurements are given as equivalent
circle diameters.

3. Numerical procedure

In order to gain more insights into the temperature field and
residual stress distribution of samples printed with different depo-
sition patterns besides the experimental measurements, a sequen-
tial thermal-mechanical model, as shown in Fig. 5, was developed
based on finite element (FE) method with ABAQUS. The material
and geometry of the model match those of the printed samples.
The material properties are displayed in supplementary materials.
The deposition process, heat source, boundary, and substrate
related parameters, as presented in Table 3, are also consistent
with those of the experimental process.

In the simulation process, a moving heat source follows differ-
ent patterns, and meanwhile, the elements are activated one by

.
Collimator

o

(b)

Fig. 4. Residual stress measurement (a) path and orientation for residual stress measurements; (b) XRD measurement device.
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(@)

Fig. 5. FE modeling, (a) FE model geometry; (b) material adding and heat source moving process.

Table 3
Process, heat source, boundary, and substrate related parameters used in the FE
analyses.

Process related 68 mm*68 mm*2.4 mm

parameters

Deposition layer
Pass width 3.4 mm
Deposition speed 10 mm/s
Deposition time of each layer 136 s

Cooling time 1659 s
Hatch angle 90°
Initial temperature 100 C
Heat source Width (b) 3.5 mm
related Depth (c) 1 mm
parameters Length of the front ellipsoid 3 mm
(ap)
Length of the rear ellipsoid 6 mm
(ar)
Fraction factor of the heat 1.2
flux in the front parts (fy)
Fraction factors of the heat 0.8
flux in the rear parts (f;)
Power 1729 W
Boundary Convection heat loss 8.5 W/(m?K)
related Radiation 0.8
parameters Ambient temperature 20°C
conduction loss of the 123 W/(m?K)
bottom surface
Substrate Initial temperature 100 C
related Geometry 120 mm*120 mm*10 mm
parameters

one (Fig. 5 (b)). The thermal analysis and mechanical analysis are
performed sequentially and the temperature field as well as resid-
ual stress distribution are obtained.

In the thermal analysis, the element type used is a linear 8-node
heat transfer brick (DC3D8). Thermal radiation and convection
heat transfer between the active beads and the surrounding atmo-
sphere/platform are considered. A double-ellipsoid heat source
model, defined as event series data in additive manufacturing -
module, is applied to the surface of a single deposition layer:

6\/§Q*ff/r ox ( 3x2

agr+bxcx /T )

Qsyr(%,y,2) =

Where the length of the front and rear ellipsoid of the heat
source are represented by ar and a,, respectively. b is the width
and c is the depth of the heat source, Q is the power input, fr and
fr are the fraction factors of the heat flux in the front and rear parts,
respectively [41]. The values of these parameters are presented in
Table 3.

After the thermal analysis, the transient temperature field is
applied to the subsequent mechanical analysis. The same FE mesh
is used and the same process of adding material is performed while
the element type is changed to the 8-node brick element with
reduced integration (C3D8R). During the deposition process, the
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middle band of the substrate is fixed. To obtain the final residual
stress of the part, the constraints are removed after the material
naturally cools down to room temperature. All material properties
are considered isotropic and homogenous. The softening effect of
the material is - considered in this model.

4. Results
4.1. Temperature fields

During the WAAM deposition process, manufactured compo-
nents experience unique thermal cycles, which dictate the
microstructure and influence the mechanical properties as well
as residual stress. In order to describe the thermal influences on
the aforementioned characteristics depending on the deposition
pattern used, temperature measurements were carried out at fixed
positions on the substrate plate (Fig. 6). The temperature measure-
ments were further used to calibrate the numerical model for
residual stress calculation.

The thermal cycles from different deposition patterns are com-
pared in Fig. 6. By example of the temperature cycle during depo-
sition of the fourth layer (Fig. 6 (a)-(c)), particular differences in
temperature distribution and peak temperature between different
deposition patterns can be observed. Thereby, meander and spiral
pattern show significant temperature differences between the
measurement locations due to the directed movement of the depo-
sition lanes. Further, these differences lead to an uneven tempera-
ture distribution during cooling of the sample, indicating an
enhanced probability for the formation of residual stresses. It is
further observed that meander and spiral pattern show compara-
tively higher peak temperatures at certain positions. This result
can be explained by the advancing heat accumulation during the
continuous deposition process in combination with the high ther-
mal conductivity of the aluminum alloy. On the other hand, the
temperature curve of the S pattern indicates a more homogeneous
temperature distribution during the deposition process without
prominent temperature peaks at distinct sample locations (Fig. 6
(c)). This is further emphasized by the comparison of the temper-
ature profiles of all four layers (including cooling phases) shown
in Fig. 6 (d). Based on the 90° pattern rotation after each layer,
characteristic temperature profiles at the regarded measurement
location can be identified particularly for meander and spiral pat-
tern, due to the preferential direction of the deposition paths.
The S pattern, however, showed no significant differences in the
thermal cycles of individual layers. Furthermore, the temperature
plots show differences in maximum and minimum temperatures
during the processing sequences. Even though all patterns were
manufactured with similar energy input as well as discrete waiting
times between layers were applied, it was found that especially the
meander pattern led to higher interpass temperatures.
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Fig. 6. Temperature distribution during the deposition of the fourth layer for (a) meander pattern, (b) spiral pattern, (c) S pattern and (d) comparison of the temperature

profiles during complete deposition sequence at measurement location T,

In order to verify the FE thermal model, the simulated temper-
ature history at measurement location T, for different patterns are
compared with the experimental results in Fig. 7. As can be seen,
the simulation results have a good agreement with the experimen-
tal results. The fluctuation, amplitude, and corresponding time of
the simulated curves are very close to those of the experimental
curves. Compared to the meander and S pattern, the spiral pattern
has a larger temperature amplitude difference. A possible explana-
tion is that due to the inherent size of the element in the FE model,
there is a slight difference between the positions of T, in the exper-
iment and the simulation.

The simulation results of temperature distribution at the end of
the deposition process for different patterns are shown in Fig. 8.
The sizes of the melting zones under the different patterns are sim-
ilar and the meting temperature gradient near the melting zone is
very high. Interestingly, the patterns affect the temperature distri-
bution significantly. The spiral and S pattern generated more
homogeneous temperature distributions than the meander pat-
tern, which is consistent with the measurement results in Fig. 6.

In summary, these results suggest that both the overall temper-
ature distribution and the peak temperature during WAAM depend
on the choice of deposition pattern. Thereby, deposition patterns
with preferential directions of the deposition path, such as mean-
der and spiral pattern, can lead to uneven temperature fields or
high local peak temperatures.

4.2. Porosity

Fig. 9 (a-c) provides the scan images of XCT analysis, with the
volume of inner defects depicted in pseudo color. As shown in
the images, the deposited materials contain a significant number
of finely dispersed individual pores. Fig. 9 (d-f) presents the peak
temperature of the deposition beads on the top layer calculated

by the FEM model. It can be seen that comparatively large pores
occurred predominantly in regions of temperature peaks and arc
start/stop-features within the patterns. This applies specifically
to the outer edges of meander and spiral pattern as well as the
diagonal and center region of spiral pattern. Further, XCT analysis
revealed the appearance of isolated lack of fusion defects in the
first deposition layer for spiral and S pattern. These defects solely
occurred in regions with 90° turning points of the deposition path.
No further lack of fusion defects appeared in subsequent layers.
The porosity is further quantified by the scatter plot depicted in
Fig. 9 (h). Due to the large number of finely dispersed individual
pores, the median pore volume shows comparable values of
0.03 mm? for meander pattern and 0.02 mm?® for spiral and S pat-
tern. However, the cumulative pore volume contained in the
deposited volume showed values of 768 mm? for meander pattern,
556 mm? for spiral pattern and 420 mm? for S pattern, indicating a
higher amount of particularly large pores using meander and spiral
pattern. In relation to the build-up volume, measured pore vol-
umes ranged from approx. 0.9 % for S pattern and 1.6 % for mean-
der pattern respectively. As shown in Fig. 9 (g), the sphericity of
measured defects exhibits a peak at approx. 0.9 for all three pat-
terns, suggesting that the detected defects predominantly consist
of gas porosity. It is further visible that the spiral pattern contains
a slightly higher count of low sphericity defects. This can be attrib-
uted to the lack of fusion defects observed during visual inspection.

4.3. Metallurgical and mechanical properties

Macroscopic cross-sections and the corresponding results of
UCI hardness mappings in the as-deposited condition are summa-
rized in Fig. 10. Hardness values in the as-deposited material range
from approx. 50 to 90 HV 5 with the top layers having higher hard-
ness compared to the remaining material, indicating annealing-
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Fig. 7. Comparison of simulation and experimental results of temperature history at measurement location T, during the deposition of the four layers for (a) meander

pattern, (b) spiral pattern, (c) S pattern.

Temperature in °C
' (Avg: 75%)

1154
700
620
590
560
530
500
470
440
410
380
350
320
290

2

Fig. 8. Simulation results of temperature distribution at the end of deposition process for (a) meander pattern, (b) spiral pattern, (c) S pattern. The grey color area indicates

the melting zone.

caused softening by periodic reheating of the structure and a
resulting change in precipitation size. Furthermore, reduced hard-
ness values appear along the fusion lines of single deposition
passes regardless of the used deposition pattern. This is due to
coarse-grain zones, as shown in microstructural analysis (Fig. 12).

The microstructures are similar in all three patterns with
heterogeneous grain size distribution typical of welds. Larger
aluminum grains consist of several cells, and the cell surfaces
are populated by Si-eutectoid precipitates (Fig. 11) [42].
Fig. 11 shows NTS BSD backscatter images of S pattern: (a)
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Fig. 10. Cross-section samples and corresponding UCI hardness mappings of (a) meander pattern, (b) spiral pattern and (c) S pattern.
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@)

Fig. 11

(b)

Fig. 12. Mixed image quality + inverse pole figure images of the microstructures: Meander (a) and (d), Spiral (b) and (e), and S pattern (c) and (f). (a) - (c) show the
microstructure on the middle of 2nd quarter length, and (d) - (f) on the 1st quarter length closer to deposited edges. Fusion lines are marked with dashed white lines.
Boundaries with > 15° misorientation are highlighted with black lines, and boundaries 5 — 15° with white lines.

highlighting the grains reflecting their orientational differences
on the polished surfaces, (b) visualizing the cell structures
varying in size and shape in the grains middle of (a), and
(c) showing the mostly rod-like Si-eutectoid precipitates bor-
dering the Al-cells as brighter areas due to their higher atomic
radius. An apparent difference between the patterns is the
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higher qualitative fraction of Si-eutectoid precipitates in spiral
pattern than the other two (not shown here) due to higher
peak temperatures (Fig. 6). The different shades of the alu-
minum grains in Fig. 11 are expected to arise from their dif-
ferent orientations rather than from grain-level segregation of
the alloying elements.
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Both meander pattern (Fig. 12 a) and spiral pattern (Fig. 12 b)
possess very large elongated grains in the coarse-grain zones
below the bead interfaces, but S pattern can show also pronounced
equiaxed grain morphologies with suppressed grain growth
(Fig. 12 ¢). This is due to evenly varying deposition direction in
all the x-y directions, also as compared to similarly varying mean-
der pattern (Fig. 10). Grain analysis shows that while the average
grain sizes are close to each other, both the effective coarse grain
size at the 80% of cumulative distributions (dgoy) [43] and the rel-
ative grain size dispersion [44] are clearly the smallest for S pattern
(Table 4, Fig. 13 a). This same trend persists also with analysis con-
sidering misorientations > 5° (Table 4). The effect of higher maxi-
mum temperatures with the spiral pattern causes pronounced
dendritic growth (Fig. 12 (b) and (e)) not observed in meander
nor S pattern. Fig. 13 (b) emphasizes the lower amount of very
large grains in S pattern and the bimodal grain size distribution
for all the patterns.

4.4. Residual stress distributions

Residual stress was analyzed in a two-staged approach depend-
ing on the deposition patterns. At first, the surface residual stress
was determined by means of XRD as described in Section 2. Due
to the limited meaning of surface residual stress alone, an in-
depth analysis was performed with help of FE models in a second
stage. The surface residual stress from experiments and numerical
models are compared and used for verification purposes. The ver-
ified FE models are used to study different stress components,
residual stress gradients and global residual stress maxima.

The experimentally determined residual stress distributions are
shown in Fig. 14. The results show relatively homogeneous resid-
ual stress distributions along the measurement paths for all three
deposition patterns. Residual stress components (0°, 45°, 90°)

Materials & Design 210 (2021) 110122

show similar magnitudes and trends within each pattern. The esti-
mated mean values of residual stress magnitudes at the surface
ranges between —20 MPa (a) and 0 MPa ((b) and (c)). Furthermore,
all three patterns reveal some specific local residual stress features
near locations of the start and stop of deposition passes. Locations
of local tensile residual stress peaks correlate with deposition stop
locations (pattern (a) and (c)) and final deposition beads (b). The
scatter from measurement is in the order of + 10 MPa
to + 20 MPa, results from the linear fit of the sin?¥-method, and
is mainly related with coarse grain weld metal.

The simulation and experimental results of residual stresses
along the diagonal direction of the top surface of the deposition
part for the S pattern are compared in Fig. 15. For both the equiv-
alent residual stress (o) and maximum principal residual stress
(01), as well as residual stress components (g;; and o055), the sim-
ulated curves are close to the experimental curves. Next to the
measurement error, the other source of inaccuracy is the lack of
representative temperature-dependent material properties. How-
ever, the overall simulation and experiment results are in good
agreement.

The residual stress fields under all three patterns are also ana-
lyzed. Table 5 summarizes the ¢ distribution of the three analyzed
patterns in different views. The ¢; field of the whole part under
three patterns are displayed in sub-figures (a-c). Compared to the
spiral and S pattern, the meander pattern generated higher resid-
ual stress. It is mainly because the temperature distribution of
the meander pattern is less homogenous. Another interesting find-
ing is that the residual stress near the interface between the depo-
sition layer and the substrate is relatively high owing to the
mismatch of material properties between the substrate and the
deposited part and low degree of freedom of the interface. Residual
stress is known to be released through material deformation. Since
the degree of freedom of the interface is low, more stress is concen-

Table 4
The grain size analysis: average grain size (d,g), effective coarse-grain size dgoy, and grain-size dispersion A for both grains over > 15° and > 5° misorientations.
>15° >5°
davg. (1m) dgox (um) A (dggy-dix)/dave. Number dgox (um) A (dggz-dix)/dave. Number
Meander 26 221 18.7 3171 180 220 5248
Spiral 34 233 19.3 3699 161 25.6 6603
S 27 143 14.9 3612 115 11.0 5560
1.0 T 0.30 L e i T o o e
0.62 [ Meander pattern
0.25 0.35 I Spiral pattern | |
> 0.8 8 [ S pattern
= 0.49 ————
3 0.20 .
S 06 - c
° £ 015
S 0. ]
2 s
T 0.4- - . RE— = w
3 0.10 . .
g 100 -200 200-300 300-400 400-500 >500
O 024 —— Meander patternf-
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Grain size in pm O P DRSS RO 7

(a)
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Fig. 13. (a) cumulative probabilities for the grain size distributions emphasizing the clearly smaller coarse grains with the S pattern; (b) fractions per size intervals below and

above 100 pm.
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values shown in Fig. 14.

trated at the interface. The o, fields of the half cross-section under
these three patterns are presented in sub-figures (d-f). As can be
seen, the residual stress near the interface is higher and non-
continuous and the S pattern generated the most uniform residual
stress distribution.

The effect of the deposition pattern on the residual stress is fur-
ther explored by analyzing the residual stress distribution of vari-
ous positions. The o fields at the top surface of the parts under the
three deposition patterns are presented in sub-figures (g-i). Com-
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pared with the corresponding deposition pattern of the top layer
(Fig. 2), the residual stress at the end of the deposition pattern of
the top layer is higher because of higher peak temperature due
to heat accumulation during the deposition process and higher
cooling rates. For example, the residual stress on the left side for
the meander pattern is higher than that on the right side (sub-
figure (g)), as the material of the top layer is deposited from right
side to left side. In general, the spiral and S pattern generate more
uniform residual stress distributions than the meander pattern
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Table 5
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o distribution of whole part (a, b, c¢), cross-section of half part (d, e, f), and top (g, h, i) and bottom (j, k, 1) surfaces of deposition part under three patterns.
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Fig. 16. o, distribution of different layers under meander patterns at the (a) first layer, (b) second layer, (c) third layer, (d) fourth layer.

(b)

because the temperature distribution of spiral and S patterns are
more homogeneous compared to the meander pattern, as dis-
cussed in section 4.1. The ¢; distribution at the bottom surface is
opposite to that of the top layer to a certain extent. The top layer
exhibits predominantly compression, while the bottom surface is
mostly tensile. This is stemming from the bending of the substrate
after releasing the clamping.

To further analyze the distribution characteristics of residual
stress inside the deposition parts, the ¢; distributions of four layers
under meander pattern are presented in Fig. 16. In general, the
middle part of each layer has lower residual stress than the edge
part. In contrast to the fourth layer (top layer), the residual stress
distribution of the first three layers is independent of their deposi-
tion pattern. The reasons are that the residual stress is redis-
tributed during the deposition process of upper layers and the

13

04 in MPa
(Avg: 75%)

(€) (d)

printing orientation of each layer is rotated by 90°. Comparing to
the third and fourth layers, the first and second layers have higher
residual stresses as the degree of freedom of the material is lower
close to the fixed substrate. Furthermore, the residual stress of the
top layer is larger than that of the third layer. This is because the
fourth layer reheats the third layer and the residual stress is redis-
tributed and released to some extent.

The maximum residual stress is critical for the performances of
printed components because the areas with the highest residual
stress are usually the parts of the component with the weakest
strength. Hence, it is also an important indicator for evaluating
the deposition patterns. The simulation results of the maximum
residual stresses of the deposited part printed by different patterns
are summarized in Fig. 17. The maximum residual stresses (g, 71,
o1 and a5,) of spiral and S pattern are very close to each other and
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Fig. 17. Summary of maximum residual stresses of deposition part for different
patterns.

much lower than those of meander pattern. This stems from the
fact that spiral and S pattern achieve more uniform temperature
distribution, which has been discussed in depth in [40]. Regarding
the residual stress, it can be concluded that residual stress distribu-
tion is highly dependent on the uniformity of the temperature dis-
tribution, and S and spiral pattern are more promising than
meander pattern.

In summary, there are many factors influencing the residual
stress distribution, such as the degree of freedom, boundary condi-
tion, material properties, cooling rate, and uniformity of tempera-
ture distribution. The deposition pattern has a significant effect on
residual stress distribution since it determines the temperature
field. A more uniform temperature distribution will produce lower
residual stress. In this work, the spiral and S pattern generated
lower residual stress than the meander pattern, and the S pattern
produces the most uniform residual stress distribution. In addition
to comparing the resulting residual stresses under three patterns,
an analysis of some general distribution characteristics of the
residual stress of deposition parts is performed. It is found that
the center part and the top surface of the deposited parts have
lower residual stress than the edge part and the bottom surface,
respectively. This is because the substrate bends upward after
the constraint is released, which in turn causes these positions to
be compressed. Another finding is that due to the higher cooling
rate, the residual stress near the end of the deposition pattern of
the top layer is higher. In addition, the residual stress is higher at
the interface between the substrate and the built part due to the
lower degree of freedom and mismatch of the materials.

5. Discussion

Evaluating the results obtained using different deposition pat-
terns, visual inspection showed distinct differences in the surface
accuracy of the finished samples. Thereby, the meander pattern
resulted in a more even surface. Compared to meander pattern,
spiral pattern showed excess material located at the center of the
spiral and S pattern resulted in a noticeable waviness of the sur-
face. The comparatively uneven surface appearance using the S
pattern is related to the inflection points of the deposition paths
allocated across the deposit. Furthermore, prior studies have noted
that arc start/stop-positions often result in slightly deviating depo-
sition geometries. These deviations accumulate with increasing
number of layers. In case of the spiral pattern, the arc start/stop-
positions are always located at the center of deposition, regardless
of the pattern rotation, resulting in a comparatively high deviation.

According to both the experimental and the numerical results,
the choice of deposition pattern affects particularly the tempera-
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ture distribution during deposition and thus the resulting material
properties. In this study, the S pattern provided a more homoge-
neous temperature distribution with lower peak temperatures
compared to meander and spiral pattern. This may be explained
by the multidirectional deposition path during manufacturing,
which prevents heat accumulations at certain locations. In con-
trast, the directional deposition paths of meander and spiral pat-
tern are leading to a constant increase in temperature in
deposition direction, evoking an enlargement of the molten pool.
The differences in temperature distribution can further be related
to the resulting material properties. In terms of porosity formation,
the results indicate the formation of increased pore volume in
areas related to higher process temperatures. Accordingly, the S
pattern showed a comparatively lower overall pore volume due
to lower temperature peaks. Furthermore, increased porosity was
observed at arc start/stop-positions. However, it is common for
WAAM components to undergo post processing. If the arc start/
stop-positions are located at the outer edges of components, loca-
tions of increased porosity are likely to be removed during final
machining of the components. In this case, it is beneficial to move
arc start/stop-positions to the outer contour. Regardless of the
deposition pattern, a heterogeneous microstructure with elon-
gated coarse grains near the fusion lines and fine grains in the
interlayer regions were detected. The microstructures for all three
patterns are similar to what has been reported for Al-Si alloy cast-
ings [42,45] and thus differ from dendrite-dominated WAAM with
higher arc energy [45]. The average grain size falls slightly larger
than those of selected laser melting produced AlSi10Mg
(<20 pm) and WAAM alloy 4047 [45,46], but are approximately
same size or smaller than for 4047-casts [45] and electron beam
melted AlSi10Mg [47], respectively, although direct comparison
is limited due to varying sampling parameters. Within the patterns
studied here, beneficial smaller effective coarse grain size and size
dispersion of S pattern promise improved mechanical properties
over the other two patterns [43,44]. These results can be attributed
to the more homogeneous temperature distribution and therefore
lower temperature gradients during solidification. However, hard-
ness measurements showed a significant softening of the bulk
material in all samples due to the thermal conditions during depo-
sition. A final heat treatment of the component is therefore recom-
mended and should be topic of further studies. Residual stress
formation is generally dependent on the cooling conditions and
aided by temperature differences during the cooling of the struc-
ture. Accordingly, surface residual stress measurements as well
as the calculations from the mechanical model revealed local resid-
ual stress features in regions of arc start/stop-positions due to local
temperature concentrations. Attributed to the high heat conductiv-
ity of aluminum, surface residual stress measurements showed
overall comparable results for each pattern, with values in the
same order of magnitude as described in [24] for WAAM deposited
4043-grade aluminum. However, the simulation results could fur-
ther analyze the distribution characteristics of residual stress
inside the deposited parts. The results of global residual stress
maxima suggest that the spiral and S pattern can reduce stress
concentration. The simulated residual stress field identifies the
local tensile stress concentrations at the interface of substrate,
the first two layers and the edge part of the deposited part. These
findings indicate that residual stress distribution has a close corre-
lation with the deposition patterns, material, geometry of sub-
strate and boundary condition.

The findings of this study provide an in-depth understanding on
how the part quality and residual stress formation during WAAM
of aluminum is affected by the applied deposition pattern and tem-
perature distribution, respectively. In large parts, the recently
developed S pattern provided beneficial results compared to con-
ventional meander and spiral pattern in terms of material proper-
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ties. As mentioned in the introduction, the WAAM process is par-
ticularly suitable for the production of complex shaped compo-
nents. Accordingly, building on these promising results, further
work should include the establishment of a method for applying
the S pattern to nonlinear geometries, as well as studies on geo-
metric accuracy. In addition, the residual stress development with
increasing number of layers should be scope of further research.

6. Conclusions

The present research examined the influence of three deposi-
tion patterns used in WAAM on the properties of the deposited
material. The samples were analyzed regarding temperature pro-
files, internal irregularities, microstructure and surface residual
stress distribution. Sequential thermal-mechanical models for fur-
ther evaluation of the temperature profiles during manufacturing
process and residual stress distributions in the manufactured sam-
ples were created. The following key aspects could be derived from
this study:

e The temperature distribution during the processing sequence is
strongly dependent on the used deposition pattern, affecting
the homogeneity of the temperature distribution as well as
local peak temperatures. Both the temperature field and the
cooling rates were found to determine the deposition quality
in terms of internal irregularities (pores, lack of fusion),
microstructure and residual stress formation.

e XCT analysis revealed increased porosity in areas with high
peak temperatures (edge area of the deposit) and high temper-
ature gradients (arc start/stop-features). Further, deposition
patterns with rectangular deposition paths showed isolated lack
of fusion defects in corner areas.

e The microstructures resulting from the different patterns are
similar to each other with Al grains with size distributions typ-
ical to weld metal obtained during conventional GMAW, and
sub-grain cell structure with Si-eutectoid precipitates around
the Al cells. However, due to differences in the cooling paths,
the size of the coarsest grains and grain size dispersion are
effectively suppressed with the S pattern. Hardness mappings
indicate significant softening of the material due to the temper-
ature effects of subsequent layers. Accordingly, post-weld heat
treatment is recommended and should be a scope of further
research.

Measured surface residual stress showed comparable magni-

tudes and trends within the different deposition patterns.

Specific residual stress differences could be detected in areas

of arc start/stop-features, resulting in local tensile residual

stress peaks.

e The simulation results confirmed the occurrence of higher
residual stress at the end of the deposition pattern. Further, a
peak in tensile residual stress was determined near the inter-
face between the deposition layer and the substrate depending
on the clamping during the deposition process.

e The direct comparison of the patterns examined in this study
shows that S pattern can lead to reduced porosity, low residual
stress as well as comparatively smaller coarse grain size, due to
a more homogeneous temperature distribution.
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