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Abstract
The directed energy deposition-arc (DED-Arc) process, using high-strength low-alloy (HSLA) feedstock wire, presents a 
promising solution for fabricating large-scale steel connectors in civil engineering. Due to the use of carbon steel feedstock 
wire, corrosion protection of the 3D-printed components is necessary. Therefore, this study investigates low-pressure cold 
spray (LPCS) as a method for applying zinc-based coatings. Two sets of thin walls were 3D-printed: one set uncoated and 
one set coated with LPCS Zn + Al2O3 coating. This LPCS coating was successfully deposited on untreated and on grit-
blasted DED-Arc surfaces. Coating thicknesses exceeding 300 µm as well as electrochemical polarisation analysis confirmed 
sufficient corrosion resistance of the coated as-built specimens. To evaluate the influence of the surface condition and the 
coating process on the mechanical behaviour, dog-bone tensile specimens were extracted from the walls, 3D-scanned, and 
subsequently mechanically tested. Structured-light scanning of the geometry revealed different scatter of the specimens’ 
thickness based on their orientation with respect to the build direction. Uniaxial quasi-static tensile tests, combined with a 
four-camera digital image correlation (DIC) system, were performed both on specimens with machined surfaces and with 
LPCS Zn + Al2O3 coating on the as-built surface. While the machined specimens exhibited nearly isotropic behaviour, 
the coated as-built specimens showed pronounced anisotropy with comparable mechanical properties to uncoated as-built 
specimens from literature when excluding the coating thickness from the load-bearing cross-section. The LPCS Zn + Al2O3 
coating led to a reduction of the corrosion rate by two thirds compared to uncoated HSLA DED-Arc.

Keywords  Wire arc additive manufacturing (WAAM) · Directed energy deposition-arc (DED-Arc) · High-strength low-
alloy (HSLA) steel · Corrosion resistance · Low-pressure cold spray (LPCS) · Digital image correlation (DIC) · Quasi-
static tensile testing

1  Introduction

Directed energy deposition using an electric arc (DED-
Arc), also referred to as wire arc additive manufacturing 
(WAAM), is a wire-based additive manufacturing process 
that offers high deposition rates while allowing freedom of 
material and design, as well as an integration into digital 
construction workflows [1–3]. DED-Arc has been applied 
in civil engineering to produce structural components such 
as nodes [4], joints between semi-finished parts [5], and 
load-bearing elements [6]. However, the process still faces 
several challenges, including quantifying the influence of 
the characteristic as-built surface topography with its sur-
face undulations resulting in anisotropic material behav-
iour depending on the build direction together with a high 
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geometric variability across components [7–9]. The digital 
process steps of the DED-Arc process enable geometry-
optimised component design, based on individual load 
cases [10, 11].

High-strength low-alloy (HSLA) steels are well suited for 
DED-Arc manufacturing due to their favourable strength-
to-weight ratio, their good weldability, and low material 
cost. The characterisation of the mechanical performance 
of HSLA components with as-built surfaces is the subject 
of ongoing research [12–15]. To further enable the reliable 
and long-term use of DED-Arc components made from car-
bon steel in load-bearing structures, both the mechanical 
performance as well as the corrosion protection must be 
ensured [16, 17]. For civil engineering applications, reli-
able corrosion protection is essential to ensure the long-term 
integrity of load-bearing components. A common conven-
tional method to achieve corrosion protection is hot-dip gal-
vanising (HDG), in which steel components are immersed 
in molten zinc to form a metallurgically bonded coating, 
providing cathodic protection through a layer with high 
zinc content [18, 19]. However, applying HDG to DED-Arc 
components with their process-inherent complex surface 
topography can lead to variations in coating thickness as 
the solidification behaviour is affected by gravity and sur-
face topography. In addition, the HDG process may affect 
the mechanical properties of DED-Arc components, with 
a reduction in fatigue resistance attributed to the uneven 
growth of the zinc layer and the formation of microcracks 
in the intermetallic δ-phase [20, 21].

As the surface topography of DED-Arc components com-
plicates the formation of a homogeneous and defect-free zinc 
layer, these limitations highlight the need for coating tech-
nologies that allow for greater process control and better 
compatibility with digitally fabricated geometries. There-
fore, this study investigates the use of a cold spray (CS) 
process for corrosion protection of DED-Arc components 
made of HSLA material. CS is a solid-state coating process 
within the group of thermal spray technologies, in which 
metal powder particles are accelerated by compressed gas 
and deposited onto a substrate by mechanical impact [22]. 
The coating build-up relies on the plastic deformation of the 
particles upon impact and occurs without significant thermal 
input, making the process particularly suitable for temper-
ature-sensitive substrates [23]. The corrosion resistance of 
CS coatings is achieved with coating materials that protect 
the substrate by anodic [24] or cathodic [25–28] protection. 
In addition to corrosion protection, CS has been used for 
component repair [29], additive manufacturing [30], and the 
production of non-equilibrium alloys [31]. CS processes can 
be categorised into high-pressure cold spray (HPCS) and 
low-pressure cold spray (LPCS), which differ in gas pres-
sure, preheating temperature, and carrier gas and coating 
material selection [32].

The LPCS process is particularly suitable for coating DED-
Arc components in civil engineering applications, as it relies 
on compressed air instead of inert gases, operates at lower 
process temperatures, requires less complex infrastructure, and 
enables flexible integration into digital workflows. Zinc-based 
powders, such as pure Zn and Zn + Al2O3 mixtures, are used 
as coating materials for atmospheric corrosion protection [33], 
where corrosion resistance is achieved through cathodic pro-
tection based on the sacrificial behaviour of the zinc.

So far, no systematic investigations have addressed the 
application of LPCS coatings to DED-Arc components made 
from HSLA steel. Given the high surface undulations resulting 
from the DED-Arc process, both the protective performance 
of the coating and its influence on the mechanical behaviour 
of the substrate require further evaluation. As a first step in 
combining these two digitally controlled processes, this study 
aims to characterise the corrosion protection and mechanical 
performance of LPCS Zn + Al2O3-coated DED-Arc HSLA 
steel specimens under uniaxial quasi-static tensile loading. The 
results provide an initial basis for assessing the compatibility 
of LPCS coatings with DED-Arc components in structural 
applications for civil engineering.

2 � Materials and methods

2.1 � Printing of walls and low‑pressure cold spray 
coating

Multiple thin-walled samples were printed at Tampere Univer-
sity (TAU) using a directed energy deposition with electric arc 
(DED-Arc) system. The feedstock material used was Voestal-
pine Böhler 3D print AM80 HD (10NiMnMoCr8-7-6) wire 
with a diameter of 1.2 mm. The chemical composition of the 
HSLA material is given in Table 1

The DED-Arc system shown in Fig. 1 consisted of an ABB 
IRB4600 robotic arm mounted on an ABB IRBP positioning 
table. As a power source, a Fronius cold metal transfer system 
(CMT Advanced 4000R) was used. As a shielding gas, 92% 
Argon and 8% CO2 (M20 according to ISO 14175 [34]) were 
used with a flow rate of 16 L/min to prevent oxidation of the 
molten pool. A Keller infrared pyrometer was employed to 
monitor the interpass temperature, and a C300 Cavitar welding 
camera was used for visual process control and to observe the 
process for defects and interruptions during printing.

The DED-Arc material was deposited on S355 mild steel 
substrates with dimensions of 300 mm × 200 mm × 20 mm 

Table 1   Chemical composition of Voestalpine Böhler 3Dprint AM80 
HD based on EN 10204 type 3.1 certificate

C Si Mn Cr Ni Mo

0.09 0.40 1.70 0.35 2.00 0.60
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without preheating by employing a bidirectional deposition 
strategy to produce walls with a length of 200 mm and a 
height of 160 mm. The welding torch was held perpendicular 
to the deposition direction at a fixed contact tip to work dis-
tance (CTWD) of 15 mm. The wire feed rate was set to 2 m/
min and the travel speed to 24 cm/min. Deposition was per-
formed in CMT Mode G3Si1-1643 (synergic programme) 
with an average current of 96 A and an average voltage 
of 14.2 V, corresponding to an energy input of 3.4 kJ/cm. 
The layer height resulted in approximately 1.8 mm, and the 
interpass temperature was kept below 200 °C throughout 
the process.

The low-pressure cold sprayed (LPCS) coating for 
selected DED-Arc walls was performed at TAU using a 
LPCS system (Dymet 304 K) mounted into an industrial 
robot (ABB), as shown in Fig. 2 (left). Based on preliminary 
results with pure Zn feedstock powder which yielded a low 

deposition efficiency, a 50:50 vol% mixture of spherical Zn 
particles and blocky Al2O3 particles was used in this work. 
The Zn + Al2O3 feedstock powder (K-00–11) was supplied 
by Obninsk Center for powder spraying. The LPCS coatings 
were applied in four consecutive layers using compressed 
air with an air pressure of 6 bar, an air preheating tempera-
ture of 540 °C, a spray distance of 10 mm, and a traverse 
speed of 5 m/min. Preliminary tests were carried out by 
producing coatings on the unprocessed as-built surface of 
the DED-Arc walls as well as on selected parts of the sur-
face that were manually polished and/or grit-blasted with 
Al2O3 grits (Mesh 24) before coating build-up, see Fig. 2 
(middle). Based on these preliminary tests, it was decided 
to grit-blast the DED-Arc walls prior to the coating produc-
tion to increase adhesion and to clean the surfaces, see Fig. 2 
(right).

Particle velocities were recorded with a HiWatch CS2 
diagnostic camera. The structures were characterised using 
a field emission electron microscope (FESEM, Zeiss Ultra-
Plus) whereas coating thicknesses were evaluated from coat-
ing cross-sections by an optical microscope (Leica DM2500) 
and by magnetic induction measurements using an eXacto 
FN Type 180–1102 of ElektroPhysik. In addition, coating 
hardness was measured with a Vickers hardness tester (Mat-
suzawa MMT-X7) with a load of 100 g, and the results were 
given as an average of ten measurements with a standard 
deviation.

2.2 � Specimen preparation, 3D scanning, 
and geometry data processing

A total of 42 dog-bone tensile specimens with dimensions in 
Fig. 3 (right) were extracted via CNC milling at Technische 
Universität Braunschweig (TUBS) from six different DED-
Arc manufactured walls. Each set of specimens was taken 
from a separate wall. Specimen orientations were defined as 
horizontal (θ = 0°, deposition direction), vertical (θ = 90°, 
build direction), and diagonal (θ = 45° to the baseplate), see 
Fig. 3 (left). This enables the assessment of material anisot-
ropy in the quasi-static uniaxial tensile tests.

Fig. 1   Robotic DED-Arc system setup for printing thin-walled sam-
ples

Fig. 2   Low-pressure cold 
spraying of DED-Arc walls: 
LPCS setup (left) and different 
surface conditions prior and 
after LPCS Zn + Al2O3 coating 
production (middle) and DED-
Arc wall prior and after LPCS 
Zn + Al2O3 coating (right)
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Table 2 summarises the number of specimens per orienta-
tion and surface condition. Specimens with machined sur-
faces were milled to a constant thickness of 3.0 mm, whereas 
the surface condition of the as-built specimens with LPCS 
Zn + Al2O3 coating remained unmodified, see Fig. 3 (right).

Prior to specimen extraction, all wall surfaces were 3D 
scanned at the Institute of Geodesy and Photogrammetry of 
TUBS using a Hexagon StereoScan neo R16.2 structured-
light scanner mounted with Schneider-Kreuznach MAKRO-
SYMMAR 5.6/80 lenses with a field of view (FOV) of 
730 × 440 mm. Additionally, all coated as-built specimens 
were scanned after their extraction. Surface topology data 
from the structured light scans were analysed using Cloud-
Compare v2.13.beta and MATLAB 2022b. To remove the 
influence of point density, the scan data were rasterized onto 
a uniform grid with a step size of 0.1 mm. Filtering operations 
were conducted according to DIN EN ISO 16610-1:2015 [35], 
and a low-pass Gaussian filter, ‘L-filter’ based on DIN EN 
ISO 25178-2:2022 [36], was applied to the scan data, and the 
long-wave result above the cut-off wavelength was extracted. 
A low-pass Gaussian filter (L-filter) with a cut-off wavelength 

of 0.6 mm, corresponding to one-third of the layer height, was 
applied to remove scanning artefacts as well as high-frequency 
noise without introducing significant smoothing effects. The 
use of a cut-off wavelength around half the layer height has 
been shown to effectively capture the characteristic surface 
profile while avoiding excessive smoothing [9]. The thick-
ness was subsequently determined as the distance between 
the top and bottom as-built surfaces of the parallel range of 
the specimen.

2.3 � Corrosion resistance evaluation

Electrochemical polarisation measurements were conducted 
using a G 750 Potentiostat (Gamry Instruments) to character-
ise the corrosion performance of the coatings. The corrosion 
current density icorr and corrosion potential Ecorr were deter-
mined via Tafel extrapolation on potentiodynamic polarisa-
tion curves using the Gamry Echem Analyst software, and the 
corrosion rate was calculated from the data. Prior to testing, 
the coating surfaces were polished to ensure reproducibility. 
All measurements were performed in a 3.5% NaCl solution, 
employing an Ag/AgCl reference electrode, and Pt was used as 
a counter electrode in a three-electrode setup. Coated samples 
were immersed in the test solution until establishing a stable 
open circuit potential (OCP). Polarisation measurements were 
performed over a potential range of −300 mV to +1000 mV 
vs. OCP with a 0.167 mV/s potential sweep rate.

2.4 � Uniaxial quasi‑static tensile testing and data 
processing

Uniaxial quasi-static tensile tests were performed at materi-
alTUBS in displacement control according to DIN EN ISO 

Fig. 3   Definition of specimen orientation in a DED-Arc wall in respect to build and deposition direction (left). Dog-bone specimen dimensions 
(right), based on [15]

Table 2   Number of specimens per surface condition and specimen 
orientation

Surface condition Specimen orientation

Vertical 
(θ = 90°)

Diagonal 
(θ = 45°)

Hori-
zontal 
(θ = 0°)

Machined 9 5 8
LPCS Zn + Al2O3-coated 

as-built
8 4 8
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6892-1:2019 [37] at room temperature using a servo-hydraulic 
testing machine (MTS 318.25) equipped with a 250 kN load 
cell (MTS 661.22D-01). For the digital image correlation 
(DIC), a stochastic black-and-white pattern with a structure 
size of approx. 130 µm was applied using a printed water trans-
fer film for the machined specimens and with acrylic airbrush 
paint for the coated as-built specimens. The DIC setup consists 
of a biplanar four-camera system (Q-400, Dantec Dynamics) 
with Schneider-Kreuznach Tourmaline 2.8/50 C objectives 
and 5 MP Baumer VCXG-51 M cameras that were used for 
all tests. Axial force and displacement were recorded at a fre-
quency of 100 Hz, while the DIC system acquired the image 
data at 20 Hz. The force signal was synchronised with the DIC 
system via an analogue input.

The strain reconstruction and evaluation were conducted 
in MATLAB 2022b based on displacement fields extracted 
from DIC image data using Istra 4D (Dantec Dynamics). 
The engineering strain was calculated as the spatial deriva-
tive of the displacement fields. An equivalent engineering 
strain, representative of the specimen’s global deformation, 
was obtained by averaging results from multiple longitudinal 
virtual strain gauges spaced 0.5 mm apart across the speci-
men width on both sides of the specimens. Singular strain 
fields obtained from Istra 4D were subsequently processed 
using an ACSP 19 × 19 local regression filter. Engineering 
stress was calculated from the measured force and the mean 
cross-sectional area of each specimen, determined from the 
structured light scans. For coated specimens, the cold spray 
coating thickness was subtracted from the mean specimen 
thickness, ensuring that only the cross-sectional area of the 
uncoated as-built DED-Arc HSLA base material was used 
for the evaluation. To characterise the transition from elastic 
to plastic behaviour using a singular value, the proof stress 
ratio �p was determined with Eq. (1) as the ratio between 
the stress at 0.03% plastic strain σ0.03 and the 0.2% proof 
stress Rp,0.2 [38].

(1)�p =
�0.03

Rp,0.2

Lower values of the proof stress ratio �p indicate an ear-
lier onset of plasticity and a smoother transition from the 
elastic to plastic regime of the stress-strain curve.

3 � Results

3.1 � Microstructural evaluation of LPCS coating

The LPCS Zn + Al2O3 coating was successfully produced on 
the different prepared surfaces of the DED-Arc structures, 
as shown in Fig. 2 (right). While the coating was already 
formed continuously on the untreated as-built surface, there 
were oxide residuals present from the DED-Arc fabrication 
process (Fig. 4 (left)), which can reduce the adhesion of 
the coating to the substrate. Therefore, the surface was grit-
blasted in order to clean it and to remove the oxides as well 
as to improve surface roughness for further optimal coating 
production. LPCS Zn + Al2O3 coating on grit-blasted DED-
Arc surfaces was dense and well-adhered, see Fig. 4 (mid-
dle). In the coating structure, the Zn particles are displayed 
light grey, and the hard, blocky Al2O3 particles are displayed 
in black, and they were embedded into the metallic struc-
ture. High deformation of Zn particles during the particle 
impacts on the substrate and on the previous particles as 
well as fracturing of the Al2O3 particles is shown in Fig. 4 
(right). The coatings demonstrated high density and strong 
interfacial bonding. The LPCS coating on the grit-blasted 
DED-Arc walls led to a coating thickness exceeding 300 µm, 
indicating sufficient thickness for corrosion protection. Mean 
particle velocity and mean particle size were measured as 
472 m/s and 16 µm, respectively. Schmidt et al. [39] have 
modelled critical velocity for Zn as 360 to 380 m/s so the 
particle velocity of Zn + Al2O3 powder was higher than the 
critical velocity of Zn, which promoted successful particle 
bonding during coating build-up.

Hardness of the LPCS Zn + Al2O3 coating was 66 ± 3 
HV0,1, which is relatively high even though the measure-
ments were targeted to the Zn areas in the coating. This 
indicated high plastic deformation of the Zn particles and 

Fig. 4   FESEM images of the LPCS Zn + Al2O3 coating on the untreated as-built DED-Arc surface (left). Coating on the and grit-blasted as-built 
DED-Arc surface (middle). Microstructure of the coating from FESEM (right)
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high work hardening, which is typical for cold sprayed coat-
ing structures. This coating had high hardness compared to 
an as-cast Zn (~ 38 HV0,1) and a hot-rolled Zn (~ 40 HV0,1) 
[40], which indicated high deformation during high-velocity 
particle impacts.

3.2 � Geometrical characterisation

To quantify the influence of build orientation and the coating 
process on the geometric characteristics of the specimens, 
both the total thickness of the coated as-built specimens 
and the thickness of the LPCS Zn + Al2O3 coating layer 
were evaluated. As shown in Fig. 5 (middle) and summa-
rised in Table 3, the highest average specimen thickness 
was obtained for vertically oriented specimens, followed 
by diagonal and then horizontal specimens. Differences 
of up to 0.4 mm were observed between the median wall 
thicknesses. The standard deviation is highest for vertically 
oriented specimens with σ = 0.24 mm, indicating increased 
geometric variability for specimens in the build direction. 
As the specimens of each orientation were extracted from a 
distinct DED-Arc wall, orientation-dependent variations in 
thickness can also be attributed to differences between the 
respective wall geometries.

The corresponding coating thicknesses are summarised 
in Table 3 and in Fig. 5 (right). The median coating thick-
ness, ranging from 426.8 µm for horizontal to 502.0 µm 
for diagonal specimens, is comparable across all orienta-
tions, and the distributions show no direct dependence on 
the specimen orientation. Together with similar standard 
deviations between 76.0 and 117.7 µm, these results dem-
onstrate that the LPCS process produces a consistent and 
uniform coating build-up. As the DED-Arc walls were 

coated prior to specimen extraction, the coating thick-
nesses reflect the uniformity of the LPCS process across 
the entire wall surface and no effect of specimen orienta-
tion can be observed.

3.3 � Electrochemical polarisation behaviour

Figure 6 displays the polarisation curves of uncoated 
DED-Arc steel and of LPCS Zn + Al2O3 coatings tested 
in 3.5 wt% NaCl solution. The coated specimens exhib-
ited a significantly more negative corrosion potential 
Ecorr (−1250 mV) compared to the uncoated DED-Arc 
wall (−550  mV), indicating their function as sacri-
ficial anodes within the material system. The corre-
sponding corrosion rate (CR) of the coated surface was 
0.1 mm/year, whereas the uncoated DED-Arc HSLA 
steel showed a rate of 0.29  mm/year. These results 
confirm the cathodic protection provided by the LPCS 
Zn + Al2O3 coating, which protects the steel substrate 
through sacrificial and selective corrosion behaviour of 
Zn in the test environment.

Fig. 5   Definition of boxplots (left). Evaluation of coated as-built specimen thickness (middle). Evaluation of LPCS Zn + Al2O3 coating thickness 
(right); V, vertical; D, diagonal; H, horizontal specimen orientation

Table 3   Thickness of the as-built LPCS Zn + Al2O3 specimens and 
respective coating thicknesses

Specimen orientation Coated as-built speci-
men thickness (mm)

Coating thickness 
(µm)

Median Std Median Std

Vertical (θ = 90°) 6.17 0.24 437.8 76.0
Diagonal (θ = 45°) 6.10 0.16 502.0 117.7
Horizontal (θ = 0°) 5.75 0.19 426.8 90.7
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3.4 � Results of uniaxial quasi‑static tensile tests

To assess the influence of surface condition and build ori-
entation on the mechanical properties, a series of uniaxial 
quasi-static tensile tests were performed. In total, 42 uniaxial 
quasi-static tensile tests were conducted (see Table 2). For 
all specimens, the respective nominal (engineering) stress-
engineering strain curves are displayed with markers indicat-
ing the fracture points of each test.

3.4.1 � Mechanical properties of specimens with machined 
surface

Figure 7 shows the stress–strain curves of the machined 
specimens, including the initial range up to the 0.2% proof 
stress (left) and the full deformation behaviour (right). The 
mechanical properties extracted from the stress–strain curves 
are quantified in Fig. 8 and in Table 4 (Appendix).

The stress–strain response follows the characteristic 
rounded shape of HSLA material and shows very lim-
ited orientation dependence, reflecting a nearly isotropic 
mechanical behaviour. There are only minor differences 
depending on the orientation in the elastic–plastic transition. 
Specifically, the stress–strain curves of the horizontal speci-
mens exhibit a slightly sharper transition from the elastic to 
plastic regime, with reduced curvature in the yield region 
compared to the vertical and diagonal specimens. This 
observation is reflected in the proof stress ratio μp, which is 

highest for the horizontal specimens (median: 0.947), fol-
lowed by the diagonal (0.881), and lowest for the vertical 
specimens (0.865), indicating a more abrupt onset of plastic 
deformation in the horizontal orientation and slightly higher 
stresses after reaching the 0.2% proof stress. The mechanical 
properties display a high consistency across all orientations 
with the Young’s modulus E being almost identical between 
vertical, diagonal, and horizontal specimens and the ulti-
mate tensile strength Rm ranging from 880 to 889 MPa for 
all machined specimens. The large values of the elongation 
after fracture A indicate a ductile behaviour, and while it 
is comparable for horizontal (18.6%) and diagonal (18.5%) 
specimens, the elongation A is slightly lower for vertical 
specimens (17.1%) in addition to a slightly higher stand-
ard deviation for specimens of this direction. Only the 0.2% 
proof stress shows a minor orientation dependence for which 
the median value is approximately 5% higher for horizontal 
specimens (771 MPa) than for vertical (727 MPa) and diago-
nal (727 MPa) specimens.

3.4.2 � Mechanical properties of coated as‑built specimens

The engineering stress–strain curves of the coated as-built 
specimens are shown in Fig. 9 for the initial range up to the 
0.2% proof stress (left) as well as for the full range (right). 
The corresponding mechanical properties are summarised in 
Fig. 10 and in Table 5 (Appendix), while selected DIC strain 
fields are presented in Fig. 11.

Fig. 6    Electrochemical polari-
sation behaviour and corrosion 
rates of DED-Arc wall and 
LPCS Zn + Al2O3 coating in 
3.5% NaCl solution
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The stress–strain curves in Fig. 9 display a clear ori-
entation dependence of the mechanical response of the 
coated as-built specimens, which is already evident in the 
initial deformation range before reaching the 0.2% proof 
stress. The shape and progression of the curves differ 
significantly between specimen groups, with horizontal 
specimens exhibiting a sharp elastic–plastic transition as 
indicated by a proof stress ratio of μp = 0.983, while diago-
nal and vertical specimens show more gradual transitions. 
Additionally, vertical specimens show an earlier onset 
of plasticity and an earlier failure point. The observed 

anisotropy is further confirmed by the extracted mechani-
cal properties, which exhibit a clear orientation-depend-
ent trend: the 0.2% proof stress Rp0.2, the tensile strength 
Rm, and the elongation after fracture A all decrease with 
increasing build orientation angle θ, i.e. from horizontal 
to diagonal to vertical specimens. Specifically, the median 
proof stress decreases from 792.4 MPa (horizontal) to 
652.5 MPa (vertical), the tensile strength from 860.1 to 
765.0 MPa, and the elongation from 0.149 to 0.073. The 
highest Young’s modulus E is observed for the diago-
nal specimens (204.4 GPa). Among all orientations, the 

Fig. 7   Stress–strain curves for specimens with machined surface: initial range (left) and full range (right)

Fig. 8   Comparison of mechanical properties from uniaxial tensile tests of machined specimens; V, vertical; D, diagonal; H, horizontal specimen 
orientation
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vertical specimens consistently exhibit the highest scatter 
in mechanical properties.

Additional insight into the local behaviour is obtained 
from the engineering strain e distributions in Fig. 11 which 
are derived from the DIC data of the tests at reaching inte-
gral yielding at the 0.2% proof stress.

In the results of the engineering strain e for the vertical 
as-built specimen (top), multiple distinct layer-wise strain 
concentrations appear perpendicular to the build (and also 
loading) direction along the length of the specimen. For the 
vertical specimen, local strain concentrations significantly 

exceed 3.0%, indicating considerable early plastic deforma-
tion already at a level of integral strain of only 0.2%. A 
similar pattern of multiple parallel strain concentrations with 
a maximum local strain e of 2.5% is visible in the engineer-
ing strain field of the diagonal specimen (middle), rotated 
according to the specimen orientation of 45° to the build 
direction and according to the distribution of the as-built 
surface undulations. In contrast, in the engineering strain 
field of the horizontal specimen (bottom), there are no clear 
effects of the layer-wise built-up visible and also the mag-
nitude of local maximum strain e is lower than for the other 

Fig. 9   Stress–strain curves for as-built specimens coated with LPCS Zn + Al2O3: initial range (left) and full range (right)

Fig. 10   Comparison of mechanical properties from uniaxial tensile tests of as-built with LPCS Zn + Al2O3 specimens; V, vertical; D, diagonal; 
H, horizontal specimen orientation
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specimens with 2.2% local strain. The high accumulation of 
local strains highlights the influence of the as-built surface 
characteristics on the load bearing behaviour and therefore 
the mechanical properties.

4 � Discussion

In order to quantify how a LPCS Zn + Al2O3 coating affects 
the mechanical properties of DED-Arc components while 
still providing corrosion protection, the coating build-up on 
grit-blasted and untreated as-built surfaces and the aniso-
tropic mechanical behaviour are investigated. The results are 
compared to quasi-static tensile tests of machined specimens 
and uncoated as-built of the same material as well as set in 
context with results for HDG of DED-Arc steel components. 
Dense microstructures and strong interfacial bonding were 
achieved for the LPCS Zn + Al2O3 coating on grit-blasted 
DED-Arc surfaces. Comparable results were reported by 
Koivuluoto et al. [33] for LPCS coatings produced on steel 
substrates under similar process conditions. Grit blasting of 
the DED-Arc surface prior to coating was deemed neces-
sary to achieve high adhesion and uniform coating build-up. 
In contrast, coatings deposited directly onto the untreated 
as-built surfaces exhibited reduced deposition efficiency, 
as indicated by lower coating thicknesses. The presence of 
residual oxides on the untreated surfaces, visible in Fig. 4 

(left), is assumed to have promoted increased particle 
rebound, thereby limiting particle deformation and bond-
ing during the LPCS process. Notably, coating thicknesses 
still exceeded approx. 300 µm. The LPCS process enables 
the build-up of comparatively thick zinc coatings, see Fig. 5 
(right), with the final thickness being scalable by adjusting 
the number of spray passes.

In the uniaxial tensile testing, after reaching the yield 
stress, small cracks appeared in the LPCS Zn + Al2O3 coat-
ing. However, the coating adhered well to the specimen’s 
surfaces until close to reaching the tensile strength when 
flaking occurred around the fracture zone, most likely origi-
nating from a difference in strain ratio between substrate and 
coating. Under quasi-static loading, any local cracks origi-
nating at the coating-substrate interface should have negligi-
ble influence on the measured mechanical properties, but this 
may change under fatigue loading. The machined specimens 
tested in this study exhibited median 0.2% proof stresses of 
768 MPa (horizontal), 733 MPa (diagonal), and 728 MPa 
(vertical), closely matching the values reported by Jahns 
et al. [15] for machined HSLA specimens (Rp0.2 = 765 MPa, 
729 MPa, and 730 MPa). Similar agreement was found for 
ultimate tensile strength and elongation after fracture. These 
results confirm that the LPCS process does not affect the 
mechanical properties of the DED-Arc HSLA material itself. 
The LPCS-coated as-built specimens displayed pronounced 
anisotropy in their mechanical response. A continuous 

Fig. 11   Engineering strain distribution from DIC at reaching the integral yielding point of coated as-built specimens with different specimen ori-
entations: vertical orientation (top), diagonal orientation (middle), and horizontal orientation (bottom)
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decrease in the median 0.2% proof stress, tensile strength, 
and elongation with increasing build orientation angle was 
observed. Specifically, the 0.2% proof stress decreased from 
792 MPa (horizontal) to 652 MPa (vertical), tensile strength 
from 860 to 765 MPa, and elongation after fracture from 
0.149 to 0.073, see Fig. 10. As all specimens were grit-
blasted with the same process conditions, effects resulting 
from densification of the surface are not expected to lead to 
the observed level of anisotropy.

However, as shown in the engineering strain field of the 
coated as-built specimens in Fig. 11, there are large differ-
ences in local strain accumulations for the different speci-
men orientations. The locations of the strain accumulations 
coincide with the geometry of the layer-wise as-built surface 
undulations resulting from the manufacturing process. Also, 
the magnitude of the engineering strain e is significantly 
higher for the vertical specimens compared to the diagonal 
and horizontal specimens with signs of local plasticization 
(strains exceeding 3%) at low levels of 0.2% for integral 
strain of the full testing section (as it would be captured by 
a laser extensometer using two gauge marks). These obser-
vations highlight the significant role of the as-built surface 
geometry in governing the local strain accumulation and 
consequently the global anisotropic mechanical properties of 
as-built DED-Arc components. This orientation-dependent 
behaviour reflects the characteristic influence of the layer-
by-layer DED-Arc manufacturing process and aligns in gen-
eral with results reported by Jahns et al. [41] for uncoated as-
built HSLA DED-Arc specimens. As summarised in Fig. 12, 
Rp0.2 ranged from 740 MPa (horizontal) to 686 MPa (verti-
cal) and elongation from 0.165 to 0.076. The tensile strength 
exhibited a similar anisotropic trend, decreasing from 862 
to 853 MPa across the build orientations. Also, the proof 
stress ratio slightly decreased with increasing build angle, 

indicating an earlier onset of plastic deformation in speci-
mens with vertical orientation. These comparable results 
and the trends in the mechanical responses confirm that the 
LPCS coating does not alter the characteristic mechanical 
response of as-built DED-Arc components.

For hot-dip galvanization (HDG) of mild steel DED-Arc 
specimens, Voelkel et al. [20] showed that HDG with pure 
zinc does not significantly affect the yield strength of mild 
steel DED-Arc when the zinc layer is excluded from the 
load-bearing cross-section. However, a slight reduction in 
tensile strength and a decrease in elongation at fracture (from 
0.268 to 0.213) were observed, attributed to the formation of 
brittle intermetallic δ- and ζ-phase within the zinc layer dur-
ing the HDG process. Kühne et al. [21] further demonstrated 
that thin-film galvanising with a Zn–5Al alloy resulted in 
nearly unchanged tensile properties of mild steel DED-Arc, 
with a minor increase in the elongation at fracture (0.233) 
compared to the uncoated state (0.229). However, both stud-
ies did not address the corrosion protection performance of 
the hot-dip galvanised DED-Arc components.

5 � Conclusion

This study investigated the applicability of low-pressure 
cold sprayed (LPCS) coatings for corrosion protection of 
steel components manufactured by directed energy depo-
sition using an electric arc (DED-Arc). For this, multiple 
thin-walled structures were 3D-printed from high-strength 
low-alloy (HSLA) feedstock and subsequently coated with 
a Zn + Al2O3 powder using a robot-guided LPCS system. 
The microstructure of the LPCS Zn + Al2O3 coating was 
examined while its corrosion protection capability was 
assessed using electrochemical polarisation analysis. A 

Fig. 12   Mechanical properties from uniaxial tensile tests of as-built specimens without coating; V, vertical; D, diagonal; H, horizontal specimen 
orientation; derived from Jahns et al. [41] (with permission from the authors)



	 Welding in the World

total of 42 dog-bone tensile specimens (22 machined sur-
face and 20 in as-built coated condition) were extracted by 
CNC milling, geometrically characterised by 3D scanning 
and subsequently subjected to uniaxial quasi-static tensile 
tests in combination with a four-camera digital image cor-
relation (DIC) system. The main outcomes of this con-
ducted research are as follows:

•	 Zn + Al2O3 coating was successfully deposited on grit-
blasted as-built DED-Arc HSLA surfaces using the 
LPCS process, resulting in dense material built-up with 
median coating thicknesses between 430 and 500 µm.

•	 DED-Arc surfaces without prior preparation, such 
as grit-blasting, showed reduced LPCS deposition 
efficiency and bonding, likely due to oxide residuals 
resulting from the manufacturing process leading to an 
increase in particle rebound.

•	 Electrochemical polarisation analysis showed that the 
LPCS Zn + Al2O3 coating provides sufficient corro-
sion protection for HSLA DED-Arc steel components, 
reducing corrosion rate to 0.1 mm/year compared to 
0.29 mm/year for uncoated HSLA DED-Arc steel.

•	 Geometric analysis of coated as-built specimens 
revealed that both total specimen thickness and coating 
thickness distribution remained consistent for speci-
mens extracted with different orientations from thin-
walled DED-Arc components.

•	 Uniaxial quasi-static tensile tests on specimens with 
machined surface showed isotropic material properties 
of the DED-Arc HSLA substrate material, comparable 
to results from literature with the same base material 
but a differing DED-Arc setup.

•	 LPCS Zn + Al2O3-coated as-built specimens exhibited 
orientation-dependent mechanical properties, with 
yield strength, ultimate tensile strength, and elongation 
after fracture decreasing from horizontal (θ = 0°) to 
vertical (θ = 90°) specimen orientation. When exclud-
ing the Zn + Al2O3 coating thickness from the load-
bearing cross-sectional area, the mechanical properties 
are comparable to those for uncoated as-built speci-
mens from literature.

The systematic experimental framework and dataset 
developed in this study provide an initial basis for evalu-
ating the use of LPCS Zn + Al2O3 coatings on DED-Arc 
structural steel components. The findings contribute to 
a systematic understanding of the interaction between 
both processes. Future research should build upon this 
work by investigating fatigue performance under cyclic 
loading conditions of coated as-built specimens and by 
investigating the applicability of the combined processes 
to large-scale structural components for civil engineering 
applications.

Appendix

Table 4   Mechanical properties 
of machined specimens

Specimen orientation Vertical (θ = 90°) Diagonal (θ = 45°) Horizontal (θ = 0°)

Median Std Median Std Median Std

Young’s modulus E (GPa) 204.5 1.9 203.4 1.1 204.8 1.1
Proof stress Rp0.2 (MPa) 728.1 11.9 733.3 13.5 767.9 32.7
Tensile strength Rm (MPa) 883.4 8.1 881.0 8.7 887.1 19.1
Elongation after fracture A (-) 0.176 0.021 0.185 0.008 0.187 0.012
Proof stress ratio µp (-) 0.864 0.007 0.873 0.017 0.949 0.008

Table 5   Mechanical properties 
of coated as-built specimens

Specimen orientation Vertical (θ = 90°) Diagonal (θ = 45°) Horizontal (θ = 0°)

Median Std Median Std Median Std

Young’s modulus E (GPa) 188.3 6.7 204.4 3.7 200.8 3.6
Proof stress Rp0.2 (MPa) 652.5 29.4 709.6 23.0 792.4 21.6
Tensile strength Rm (MPa) 765.0 44.2 837.0 13.8 860.1 17.0
Elongation after fracture A (-) 0.073 0.022 0.124 0.017 0.149 0.020
Proof stress ratio µp (-) 0.883 0.015 0.915 0.002 0.983 0.008
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