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Wire-arc directed energy deposition (DED-Arc), is a metal 3D printing technology that enables the production of
large, intricate steel components with significant potential in structural engineering. The cyclic thermal history
inherent to the DED-Arc process induces residual stresses, which can influence the structural performance of
fabricated components. This study experimentally investigates residual stress distributions in seven DED-Arc
steel tubular specimens fabricated using ER90S-D2 welding wire. These include three square hollow section
(SHS) tubes with nominal thicknesses of 3.5 mm, 4.5 mm, and 5.5 mm, two 3.5 mm-thick circular hollow section
(CHS) tubes with interpass temperatures of 150 °C and 350 °C and two 8 mm-thick oval sections with active and
passive cooling. The sectioning method was used to measure residual stresses in both longitudinal and transverse
directions. Released strains were recorded using a Demec gauge and, as an alternative, using digital image
correlation (DIC); the results showed generally good agreement, but the accuracy of the DIC results was
compromised in the case of large out-of-plane deformations. For the SHS tubes, tensile stresses appeared in the
corners and compressive stresses in the middle of the faces in the longitudinal direction, while the transverse
direction showed peak tensile stresses at the top and bottom. Similar distributions were observed across the SHS
thicknesses, except in the thinnest tube, where local buckling altered the pattern. The CHS tubes exhibited high
through-thickness bending stresses linked to interpass temperature, while membrane stresses were negligible. In
the oval tubes, active cooling led to slightly higher residual membrane stresses. The presented results and
findings offer key insights into the residual stress distributions in DED-Arc tubular parts, serving as a sound basis
for model validation and the evaluation of structural performance.

1. Introduction life and crack growth behaviour of DED-Arc steel has also been assessed

[11-13]. In addition, investigations into steel joints and connections

Wire-arc directed energy deposition (DED-Arc), also commonly
known as wire arc additive manufacturing (WAAM), is an advanced
metal additive manufacturing method integrating arc welding with ro-
botic technology to produce metallic components layer by layer. This
technique has gained substantial research and industrial interest due to
its efficiency and cost-effectiveness in producing large, intricate metallic
parts, particularly suitable for applications in the construction, aero-
space, automative and other industries [1-5]. Researchers have
increasingly explored the potential of DED-Arc to produce a wide range
of steel structural elements, examining their mechanical performance
under various loading conditions. Tensile coupon testing has been
employed to examine the stress-strain characteristics, while structural
tests have explored the load-carrying performance [6-10]. The fatigue
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manufactured via DED-Arc have provided insights into their structural
behaviour [14,15]. Complementary research has also addressed the
integration of computer-aided design and experimental validation for
the development of optimised DED-Arc-fabricated steel structures [16,
17]. Residual stresses are present in conventional structural steel ele-
ments, due to e.g. uneven cooling in hot-rolled sections [18,19], and
coiling, uncoiling, forming and welding in cold-formed sections [18,20,
21]. The high heat input and repetitive thermal cycles during the
DED-Arc process create significant temperature gradients, leading to
non-uniform thermal expansion and contraction, which in turn induces
residual stresses. Residual stresses can cause issues such as distortion,
cracking and reduced buckling resistance and fatigue life in structural
components [22-25].
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Fig. 1. Typical DED-Arc residual stress specimens: (a) SHS, (b) CHS and (c) oval.

t=3.5/4.5/5.5 mm

(b)

t=8 mm
Active/passive cooling

Fig. 2. Schematic diagram of (a) CHS, (b) SHS and (c) oval specimens.

Table 1
Mechanical properties of as-welded ER90S-D2 wire from the wire certificate.

Mechanical property Nominal Measured value
Yield strength f, (MPa) 560 607

Ultimate strength f,, (MPa) 620 637

Elongation at fracture &¢ (%) 18 18

Charpy V-notch impact energy at -70 °C A, (J) 47 60

The pattern and magnitude of residual stresses in DED-Arc parts have
been found to be linked to various factors, such as the heat input,
interlayer temperature and part geometry [23,26,27]. Common exper-
imental techniques used for residual stress measurements fall into two
main categories: destructive and non-destructive [28]. Destructive
methods include hole-drilling, sectioning and contour methods. More
specifically, the hole-drilling method is used to measure the near-surface
residual stresses by analysing deformations caused by drilling a small
hole [29-31]. The sectioning method measures residual stresses released
by cutting the specimen into strips [32,33] and the contour method
involves cutting the specimen into two pieces and measuring the
deformation on the contour surface to determine the residual stresses
perpendicular to the contour surface [26,27,34-37]. Non-destructive

methods include X-ray diffraction (XRD) and neutron diffraction,
which are less commonly used for large-scale parts [22,23,38-40].

Several studies have been conducted recently to explore the residual
stress distribution in DED-Arc parts of various materials, including ti-
tanium [26,37,39,41], aluminium [23,42], stainless steel [27], carbon
steel [22,34] and high-strength steel [22,36,38]. The presence of sub-
strates has been shown to have an impact on the residual stresses in
DED-Arc parts [36,38,42,43]. Recent work has also been devoted to the
control and reduction of residual stresses, for instance, by preheating the
substrate [44-47], in-situ heat treatment [26,31,47] and post-process
rolling [37,38]. Additionally, numerical simulations have been
increasingly employed to predict residual stress distributions, allowing
for their consideration during the DED-Arc design process to mitigate
stress-related challenges [48-52].

The majority of existing studies into residual stresses in DED-Arc
parts have been focussed on relatively small size specimens and sim-
ple geometries (single walls or blocks). The present study aims to un-
derstand the magnitudes and patterns of residual stresses in larger-scale
DED-Arc steel tubular parts, representative of a common form of
element used in structural engineering applications [53-55]. DED-Arc
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Table 2
Chemical composition of ER90S-D2 wire in (%) from the wire certificate.
C Si Mn S Cu Cr Mo Ni Co Fe
0.10 0.71 1.89 0.011 0.025 0.04 0.44 0.05 0.013 Balance
Table 4

Fig. 3. Application of active cooling for the oval specimen [56].

specimens were printed using ER90S-D2 welding wire and different
process parameters. A total of three square hollow section (SHS), two
circular hollow section (CHS) and two oval hollow section specimens,
produced using different process parameters and cooling methods, were
examined. The sectioning method was used for measuring the residual
stresses; for the SHS and CHS parts, in addition to a Demec gauge, digital
image correlation (DIC) was also employed to measure the released
strains. The membrane and bending residual stress distributions were
measured in both the longitudinal and the transverse directions for the
SHS and oval parts, while for the CHS parts, residual stresses were only
measured in the longitudinal direction. The influence of the key process
parameters on the residual stress distribution is discussed.

2. Design and manufacture of test specimens

To examine the residual stress distributions in DED-Arc steel tubular
parts, seven specimens with three different cross-sectional shapes,

Table 3
Process parameters used for printing the DED-Arc SHS tubes.

thom = 3.5 mm thom = 4.5 mm thom = 5.5 mm

Wire grade ER90S-D2 ER90S-D2 ER90S-D2
Wire diameter (mm) 1.2 1.2 1.2
Wire feed rate (m/min) 2.3 2.7 2.3
Travel speed (mm/s) 12 10 9.5
Average layer height 1.224 1.140 1.315
(mm)
Interpass temperature (°C) 350 350 350
Stick out (mm) 9-12 9-12 9-12
Welding voltage (V) 14.6 15.6 16.8
Welding current (A) 102 117 142
Shield gas composition 98% Ar, 2% 98% Ar, 2% 98% Ar, 2%
CO CO2 CO,
Shield gas flow rate (L/ 16.0 16.0 16.0
min)
Cooling method Passive Passive Passive
Toolpath Single pass Single pass Single pass

Process parameters used for printing the DED-Arc CHS tubes.

Low interpass temperature High interpass temperature

(150 °C) (350 °C)
Wire grade ER90S-D2 ER90S-D2
Wire diameter (mm) 1.2 1.2
Wire feed rate (m/ 2.3 2.3
min)
Travel speed (mm/s) 12 12
Average layer height 1.099 1.224
(mm)
Interpass temperature 150 350
(9]
Stick out (mm) 9-12 9-12
Welding voltage (V) 14.6 14.6
Welding current (A) 102 102
Shield gas 98% Ar, 2% CO 98% Ar, 2% CO,
composition
Shield gas flow rate 16.0 16.0
(L/min)
Cooling method Passive Passive
Toolpath Single pass Single pass

including three SHS tubes, two CHS tubes and two ovals, as illustrated in
Figs. 1 and 2, were produced by the Dutch manufacturer MX3D using a
6-axis ABB robot equipped with a metal inert gas (MIG) welding system.
The oval sections were selected because they are commonly employed
for extracting tensile coupons when studying the mechanical properties
of DED-Arc steel, while the CHS and SHS specimens were chosen
because of their widespread use as structural elements, including in
optimised systems. Furthermore, closed DED-Arc profiles are generally
more favourable in terms of printing quality relative to open sections.
Carbon steel welding wire of grade ER90S-D2 [56] with a 1.2 mm
diameter was used as the feedstock material. The as-welded mechanical
properties and the chemical composition of the feedstock wire provided
in the wire certificate from the manufacturer are reported in Tables 1
and 2, respectively.

The SHS specimens had three different thicknesses — t = 3.5 mm, 4.5
mm and 5.5 mm, while an interpass temperature of 350 °C was used for
all SHS specimens. For the CHS specimens, the wall thicknesses t were
equal to 3.5 mm, while two different interpass temperatures — 150 °C
and 350 °C, were employed. The higher interpass temperature of 350 °C
was selected as it can reduce the dwell time and enhance productivity.
The oval shaped specimens were 8 mm-thick with an interpass tem-
perature of 350 °C. Active cooling was applied to one oval specimen
using compressed air from additional nozzles placed in an array along

Table 5
Process parameters used for printing the DED-Arc ovals.

Passive cooling Active cooling

Wire grade ER90S-D2 ER90S-D2
Wire diameter (mm) 1.2 1.2

Wire feed rate (m/min) 3.5 3.5
Travel speed (mm/s) 9.5 9.5
Average layer height (mm) 1.680 1.680
Interpass temperature (°C) 350 350

Stick out (mm) 9-12 9-12
Welding voltage (V) 16.8 16.8
Welding current (A) 152 152
Shield gas composition 98% Ar, 2% CO, 98% Ar, 2% CO,
Shield gas flow rate (L/min) 16.0 16.0
Cooling method Passive Active

Toolpath Double pass Double pass
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Fig. 4. Arrangements of Demec gauge holes on DED-Arc specimens (a) SHS, (b) CHS and (c) ovals.
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Fig. 5. Graphical illustration of the 6 mm flattened surfaces around the 2 mm Demec holes.
one side of the ovals after the completion of each layer and before the throughout the printing process without preheating being applied prior
deposition of the next one, as illustrated in Fig. 3. The SHS and CHS to deposition, as shown in Fig. 3. The key process parameters used for
specimens were printed on a steel substrate measuring 250 mm x 250 the SHS, CHS and oval specimens are presented in Tables 3-5,

mm x 25 mm, while the ovals were printed on 350 mm x 350 mm x 30 respectively.
mm S355 steel plates, which were clamped to a steel platform
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Fig. 6. Residual stress measurement steps for (a) SHS, (b) CHS, and (c) oval specimens.
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Fig. 7. (a) Bandsaw removal of the substrate from a CHS specimen, (b) extraction of the four plates from SHS tubes and (c) release of the strips in CHS tubes.

3. Residual stress measurement procedure

The sectioning method, a common destructive technique used for
measuring residual stresses in structural steel members [18,32], was
employed to measure the residual stresses in the DED-Arc test speci-
mens. For the ovals and SHS specimens, residual stresses in both the
longitudinal direction, i.e. along the length of the specimens (x-axis),
and the transverse direction, i.e. across the width of the specimens
(y-axis), were measured; for the CHS, only the longitudinal residual
stresses were examined. Longitudinal residual stresses were measured at
the top and middle sections of the SHS and CHS specimens, as space
constraints prevented measurements at the bottom. For the oval speci-
mens, residual stresses were recorded at the top, middle and bottom
sections. The results revealed a consistent stress distribution along the

Fig. 8. Measuring the gauge length of a strip on a CHS tube using Demec gauge.

Fig. 9. Laser scanning of a DED-Arc CHS specimen in Step 3.

specimen height, with notably lower magnitudes near the top edge.
Therefore, only the measurement procedure and results for the middle
sections, where the residual stresses are least influenced by boundary
effects, will be presented and discussed. The geometry of each specimen
type, together with the arrangements of the holes for Demec gauge
measurements at the middle of the tubes and ovals, are presented in
Fig. 4. All gauge holes had a diameter of 2 mm and were drilled using a
CNC milling machine at a distance of 10 mm between each pair of gauge
holes, as shown in Fig. 4. A circular area with a 6 mm diameter around
each hole was milled flat to remove surface undulations and facilitate
accurate Demec gauge measurements, as illustrated in Fig. 5. The holes
were then lightly sanded to eliminate any burrs from the drilling process
and cleaned with acetone and air blasting.

Residual stresses were released in multiple steps for each type of
specimen. For the SHS specimens, the released residual stresses were
measured in four steps, as illustrated in Fig. 6(a). In Step 1, the SHS
specimen consisted of the SHS tube and the substrate, where the residual
stresses after unclamping were preserved. In Step 2, the substrate was
removed using a bandsaw, as shown in Fig. 7(a). In Step 3, the four
constituent flat plates were extracted using a disk cutter — see Fig. 7(c).
Finally, in Step 4, sectioning was performed by means of waterjet cut-
ting, where the residual stresses in the strips were released, while the
strips were left attached at one end. For the CHS specimens, as depicted
in Fig. 6(b), Steps 1 and 2 were the same as those for the SHS tubes. In
Step 3, the CHS specimens were sectioned with two ends remaining
intact, and in the last step — Step 4, the longitudinal residual stresses in
the strips were released by cutting off the top end using a disk cutter —
see Fig. 7(b). For the ovals, the sectioning process was similar to the SHS
but without the substrate, as illustrated in Fig. 6(c). It is important to
note that the preceding steps did not affect the residual stress distribu-
tions due to the negligible heat or plastic deformation induced.

In accordance with the recommendations of the Structural Stability
Research Council [57], three repeated readings were taken on each pair
of gauge holes using a Demec gauge in each step, as illustrated in Fig. 8.
The strip curvature was determined using 3D laser scanning in each step
to determine the released bending residual stresses. A FARO Scan Arm,
capable of capturing 600,000 points per second with an accuracy of
0.075 mm, was used to obtain the point cloud of the test specimens, as
shown in Fig. 9. The scan data processing and determination of the
bending residual stresses are described in Section 4.1.

In addition to the Demec gauge measurements, two LaVision
StrainMaster compact stereo digital image correlation (DIC) systems
were employed to measure the surface strains on the SHS and CHS
specimens in all the steps. The specimens were wire brushed and then
coated with a random white speckle pattern on a matte black back-
ground to provide trackable features for DIC. Fig. 10(a) and 10(b) show
the DIC setups for the SHS and CHS specimens, respectively, which
remained immovable throughout the measurement process. For the SHS
specimens, two DIC systems were utilised to monitor the transverse and
longitudinal stresses separately. The specimens were placed on a



A. Spinasa et al.

) Sy stem f —
erse strain measuremer

Thin-Walled Structures 224 (2026) 114584

(b)

Fig. 10. DIC setup for (a) SHS and (b) CHS specimens.

platform to record the strains in the strips at each step. The same setup
principle was used for the CHS specimens but using one DIC system,
along with a rotational platform to capture the entire circumference of
the tubes. For each step, five DIC images were acquired. The measured
surface strains released from sectioning, processed using DaVis 10 [58],
were utilised as an alternative approach to determining the residual
stresses, as discussed in Section 5.2.4.

4. Determination of membrane and bending residual stresses

In this section, the procedure for determining the membrane and
bending residual stresses from the measurements are described.

4.1. Bending stresses

The laser scan data were utilised to determine the bending residual
stresses. For each specimen, the scan data from all the measurement
steps were initially cleaned and re-orientated using Geomagic Wrap
[59]. The convolution method was then employed to determine the
coordinates of the holes along with the z coordinate of all the points of
the created point cloud, as shown in Fig. 11, where the 2 coordinates of
all data points along the line formed between the two holes in the xy
plane are illustrated, showing their deformation in the xz plane for two
consecutive steps. The difference in the z coordinate between two steps
Az was used to calculate the change in curvature of the strip. The lo-
cations of the holes served as a reference to account for any elongation
or shrinkage Al of the strip due to the residual stresses, as illustrated in
Fig. 11. Finally, the bending residual stresses o}, were determined by
assuming a linearly varying through-thickness stress pattern, as given by
Eq. (1):

2z
O'b:EA—R 1)

where E is the Young’s modulus taken equal to the average measured
value from the as-built coupon tests reported in [60], z is the distance
between the surface and the neutral axis of the strips (assumed to be t/2,
where t is the average strip thickness determined based on the scan
data), and AR is the average change in curvature based on the computed
Az values of the points along the length of each strip, assuming that the
curvature was constant along the length of the strips.

4.2. Membrane residual stresses

Membrane residual stresses were calculated using both the Demec
gauge and the DIC data for comparison. The Demec gauge measure-
ments, which were taken along the chord rather than the arc [57] - see
Fig. 12, were initially corrected to remove the effects of strip curvature.
The strip curvature was assumed to be constant, while the Demec gauge
length was taken to be the chord length Lcphorg, as shown in Fig. 12. The
relationship between the angle of curvature 6 and the chord length
Lchord, is given by Eq. (2):

Lchord

sin(6/2) = 2R

(2)

where R is the radius of the curvature of the strip obtained using the
laser scan data. Three corrections are required to convert the Demec
gauge measurements to membrane residual stresses. First, the conical
points of the Demec gauge, positioned inside the gauge holes on the
strip, resulted in an offset A from the conical point to the gauge hole
centreline, as shown in Fig. 13. Assuming complete contact of the
conical point with the gauge hole circumference and constant strip
curvature, the offset A can be determined using Eq. (3):

_dy . (0
A= — tang>xsin (E) 3)
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Fig. 11. Plan views (xy plane) and side profiles (xz plane) of the data points of a strip in two subsequent steps.

where dj, is the gauge hole diameter, € is the curvature angle and ¢ is half
the internal angle of the conical point — see Fig. 13. The corrected chord
length Lchord e considering the offset A and a revised angle of curvature
6. from Eq. (2), was converted to the arc length Ly, at the height of the
surface of the gauge holes (illustrated in Fig. 14) using Eq. (4).

Larc = Rgc (4)

Demec gauge

[ 1

Fig. 12. Demec measurements along chord length and definition of angle of
curvature 6.

Assuming an elastic material response, the residual stresses between
two steps measured by the Demec gauge ot pemec €an be calculated using
Eq. (5), where Larc; and Larci+1 are the arc lengths for two steps and E is
the Young’s modulus. Note that o pemec is the total residual stress at the
height of the machined hole surface, as illustrated in Fig. 5. The mem-
brane residual stresses based on the Demec measurements om pemec Can
be calculated using Eq. (6), where ty, is the depth of the machined hole
surface, as illustrated in Fig. 5.

Larci - Larc i+1
Ot Demec — LiE %)
arc,i
t/ 2—ty
Om.Demec— OtDemec ™ ObDemec— OtDemec — Ob t/2 (6)

Alternatively, based on the DIC data, the total averaged surface
stresses o pic for each strip at all the steps can be determined. Assuming
an elastic material response, the membrane residual stresses based on
the DIC measurements oy, pic can be calculated using Eq. (7).

Ompic = Otpic — Ob )
5. Results and discussion

The residual stresses measured in all seven DED-Arc steel tubular
parts, including both the membrane and bending components in the
longitudinal and transverse directions, are presented in this section. For
the membrane components, negative values correspond to residual
compression, while positive values indicate tensile residual stresses. For
the bending components, positive values indicate tensile residual
stresses on the outer surface, while negative values show the presence of
tensile residual stresses on the inner surface. Note that the longitudinal
and transversal residual stress distributions were found to be approxi-
mately in self-equilibrium in each different specimen and step, sup-
porting the suitability and accuracy of the measurement process.
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Fig. 14. Orientation of residual stress strips on the four faces of the SHS tubes.

5.1. Results

5.1.1. SHS specimens

The membrane and bending residual stresses of the three SHS tubes
are presented in Fig. 15 for the transverse direction and in Fig. 16 for the
longitudinal direction. The residual stress distributions in the DED-Arc
parts both with and without substrates are shown. T1 and T2 are the
faces used for the transverse residual stress measurements and L1 and L2
indicate the faces used for measuring the longitudinal residual stresses —
see Fig. 14. Tables 6 presents the maximum 6 pemec,max (tension) and
minimum 6y, pemec,min (cOMpression) membrane residual stress and the
ratios om,pemec,max/fy and 6m pemec,min/fy Of the SHS tubes, where fy is the
yield strength of the tubes. The yield strength f;, was estimated by
interpolation using the average thickness of the examined part based on
the average machined material test results reported in [60], as illus-
trated in Fig. 17. Note that for each result presented in Table 6, the first
value is the residual stress in the specimen after the substrate removal,
while the second value in brackets is that in the specimen with the
substrate attached.

10

5.1.2. CHS specimens

The membrane and bending residual stresses in the two CHS tubes in
the longitudinal direction around the circumference both before and
after the substrate removal are depicted in Fig. 18.

5.1.3. Oval specimens

The membrane and bending residual stresses in the two oval speci-
mens without the substrate in the transverse and longitudinal directions
are illustrated in Figs. 19 and 20, respectively. Table 7 presents the
Maximum Om pDemec,max (tension) and minimum 6y pemec,min (cOmpres-
sion) membrane residual stress and the ratios 6y, pemec,max/fy and om,
Demec,min/fy in the oval tubes.

5.2. Discussion of the results

During the manufacturing process of DED-Arc tubular members,
residual stresses develop in both the longitudinal and transverse di-
rections as the material undergoes non-uniform heating and cooling. In
this section, the residual stresses observed at various measurement
stages are analysed. Additionally, the results obtained using DIC are
compared with those obtained using the Demec method to assess the
applicability of DIC to residual stress measurements. Finally, the influ-
ence of material thickness, interpass temperature and cooling method on
the residual stress distributions in DED-Arc SHS, CHS and oval tubes, is
discussed.

5.2.1. SHS specimens

5.2.1.1. Transverse residual stresses. As shown in Fig. 15(a), (c), and (e),
and due to the considerable height of the DED-Arc specimens, the re-
sidual stresses in the upper half of the tubes presented the maximum
tensile membrane stresses. At the top of the SHS tube, higher tensile
residual stresses were observed since this region cools last during the
deposition process. Towards the middle of the tubes, there was a tran-
sition to compressive stresses in order to maintain equilibrium. Finally,
the bottom of the tubes showed mainly tensile residual stresses, leading
to a final distribution of transverse membrane residual stresses charac-
terised by a tension-compression-tension pattern from top to bottom.
Before the substrate removal, the maximum tensile residual stress for all
the SHS tubes was around 200 MPa, while the maximum compressive
residual stress was around -50 MPa, as summarised in Table 6. Several
existing studies have been conducted into the transverse residual stress
distribution in relatively short DED-Arc specimens before the substrate
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Fig. 15. Distribution of the transverse membrane and bending residual stresses in the SHS specimens.
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Fig. 16. Distribution of the longitudinal membrane and bending residual stresses in the SHS specimens.

removal [22,34-37,47,50], where removal from the substrate has a
more pronounced effect on the overall residual stress distribution,
showing that compressive stresses predominantly occur at the top of the
DED-Arc specimens, whereas tensile stresses are more pronounced near
the bottom. For taller DED-Arc specimens, which are expected to be
more common for structural applications, the influence of the substrate
on the residual stress distribution in the DED-Arc parts, which is mainly
in the region near the substrate and diminishes in higher layers, will be
insignificant

Finally, comparing the transverse residual stress profiles before and
after removing the substrate, membrane residual stresses changed
mainly near the bottom of the tube, as the removal of the substrate
released some tensile stresses, occasionally converting the tensile region
at the bottom of the tube to compression, which was also reported in
Ahmad et al. [26]. Transverse bending residual stresses remained rela-
tively low in magnitude (typically below 60 MPa) and unaffected by the
removal of the substrate, as indicated in Fig. 15(b), (d), and (f); an
exception was the thinnest specimen due to the influence of elastic
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Table 6
Summary of peak membrane residual stresses in the SHS tubes.
thom (Mm) Direction Face Om,Demec,max (MPa) Om,Demec,max/fy Om,Demec,min (MPa) Om,Demec,min/fy
3.5 Transverse T1 211 (217) 0.35 (0.36) -44 (-34) -0.07 (-0.06)
T2 217 (238) 0.36 (0.39) -70 (-62) -0.12 (-0.10)
Longitudinal L1 284 (285) 0.47 (0.47) -99 (-99) -0.16 (-0.16)
L2 287 (288) 0.47 (0.47) -202 (-208) -0.33 (-0.34)
4.5 Transverse T1 249 (248) 0.42 (0.42) -60 (-61) -0.10 (-0.10)
T2 151 (150) 0.26 (0.25) -72 (-21) -0.12 (-0.04)
Longitudinal L1 292 (291) 0.49 (0.49) -188 (-199) -0.32 (-0.34)
L2 305 (311) 0.52 (0.53) -199 (-207) -0.34 (-0.35)
5.5 Transverse T1 183 (182) 0.32 (0.32) -68 (-71) -0.12 (-0.12)
T2 209 (206) 0.37 (0.36) -69 (-50) -0.12 (-0.09)
Longitudinal L1 297 (294) 0.52 (0.52) -195 (-207) -0.34 (-0.36)
L2 329 (327) 0.58 (0.57) -194 (-201) -0.34 (-0.35)

Note: values in brackets are residual stresses in specimens with substrate attached.

X Dopts

Um,Demec (MPa)
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—o— Without substrate

(a) Membrane residual stresses — (b) Bending residual stresses —
high interpass temperature high interpass temperature

O-m‘Demec

—e— With substrate

—o— Without substrate

(c) Membrane residual stresses — (d) Bending residual stresses —
Low interpass temperature low interpass temperature

Fig. 18. Distribution of the longitudinal membrane and bending residual stresses in the CHS specimens.
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buckling, which is discussed further in Section 5.2.1.3.

5.2.1.2. Longitudinal residual stresses. The longitudinal membrane and
bending residual stresses measured in the DED-Arc SHS tubes are shown
in Fig. 16. The average maximum tensile residual stress was around 300
MPa near the tube corners, while the maximum compressive residual
stress was around -180 MPa, occurring at the middle of the tube face —
see Table 6. The tube corners cooled at a slower rate compared to the flat
surfaces, which partially accounts for the longitudinal compressive
stresses in the flat faces and tensile stresses in the corners [58].
Thermal-mechanical modelling of the printing process is needed to fully
explain the observed residual stress distributions. The effect of substrate
removal on the longitudinal membrane and bending stresses was
insignificant, as the measurements were taken away (approximately 100
mm) from the substrate.

5.2.1.3. Influence of wall thickness. In both the transverse and longitu-
dinal directions, the membrane and bending residual stresses were
found to be largely independent of the tube thickness, displaying similar
magnitudes and patterns across all SHS specimens, as shown in Fig. 21.
The magnitude and pattern of the bending residual stresses for the 4.5
mm and 5.5 mm-thick SHS tubes are also comparable. The 3.5 mm-thick
tube exhibited a different residual stress profile between the two
repeated faces, as shown in Figs. 15(b) and 16(a). This discrepancy was
caused by elastic buckling of the 3.5 mm-thick plated elements under
residual compression, altering the residual stress distributions; similar
observations were made by Meng et al. [62]. The plate slenderness c/te,
as specified in EN 1993-1-1:2022 [63], where c is the width of the flat

portion of the plate, t is the average thickness of the tube and ¢ = , /%,

was equal to 92 for the 3.5 mm-thick plated parts, which is significantly
higher than the Class 3 slenderness limit of 38, indicating high suscep-
tibility to local buckling. The out-of-plane deformations of the four faces
of the 3.5 mm specimen, caused by elastic local buckling triggered by
the compressive residual stresses, are shown in Fig. 22. The pattern of

14

deformations mirrors the typical elastic buckling mode shape of SHS
[64,65]. Overall, although the 3.5 mm, 4.5 mm and 5.5 mm thickness
tubes were manufactured with different heat input, this was found to
have insignificant influence on the residual stress distribution.

5.2.2. CHS specimens

5.2.2.1. Longitudinal residual stresses. Fig. 18(a) and (c) show that the
longitudinal membrane residual stresses in the DED-Arc CHS fluctuated
around zero without a distinct pattern, due to the axisymmetry of the
specimens. The bending residual stresses, as illustrated in Fig. 18(b) and
(d), were shown to be practically uniform around the circumference due
again to the axisymmetry, with the outer surface in residual tension, and
of significant magnitude. This pattern can be explained by the fact that
the outer surface cools more quickly than the inner surface. As the inner
surface cools, its contraction is restricted by the outer surface, causing
circumferential compressive stress on the outer surface and tensile stress
on the inner surface, which, due to the Poisson effect, creates longitu-
dinal tensile stresses on the outer surface and compressive in the inner
surface [61]. Additionally, the residual stresses, both membrane and
bending, were not affected by the removal of the substrate, again as the
measurements were taken away from the substrate.

5.2.2.2. Influence of interpass temperature. The bending residual stresses
in the CHS tube with the low interpass temperature (150 °C) were shown
to approach the yield strength, around 600 MPa, which is nearly twice as
high as those observed in the CHS tube with the high interpass tem-
perature (350 °C). This is likely to be linked to the higher thermal gra-
dients induced during printing for the low interpass temperature. Owing
to the highly complex thermal history of DED-Arc parts, thermal-
mechanical simulation of the printing process is required to gain a
deeper insight into the influence of interpass temperature and toolpath
on the resulting residual stresses; this will be conducted in future
research, and the test data will provide the experimental basis for model
validation.
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5.2.3. Oval specimens

5.2.3.1. Transverse residual stresses. In the transverse direction, as
shown in Fig. 19(a), the membrane residual stress pattern in the DED-
Arc oval tubes is similar to that in the SHS tubes, with high tension
near the top and relatively low magnitudes of residual stress in the
remainder of the specimens. In terms of transverse bending residual
stresses, as shown in Fig. 19(b), a consistent pattern of tensile bending
residual stresses on the outer surface, with an average magnitude of
around 100 MPa, was observed.

Thin-Walled Structures 224 (2026) 114584

5.2.3.2. Longitudinal residual stresses. The longitudinal membrane re-
sidual stresses in the DED-Arc oval tubes also exhibited similar patterns
to the SHS tubes, with tension near the corners and self-equilibrating
compression in the middle of the flat faces. This pattern is attributed
to the slower cooling in the corner regions [61]. Longitudinal bending
residual stresses were shown to be fairly uniform across the width of the
ovals with a relatively low magnitude, below 70 MPa, as shown in
Fig. 20.

5.2.3.3. Influence of active cooling. In the transverse direction, the dis-
tribution of the membrane residual stresses was comparable between the
actively and passively cooled ovals, as shown in Table 7. However, the
actively cooled oval displayed lower magnitudes of longitudinal mem-
brane residual stress, consistent with the findings of Fan et al. [66].
Thermal-mechanical modelling of the printing process is needed to fully
explain the influence of active cooling on the residual stress distribution.
Finally, the bending residual stresses in both the transverse and the
longitudinal directions were insensitive to the cooling method.

5.2.4. Evaluation of DIC results

Comparisons between membrane residual stress measurements
determined using the Demec gauge and DIC are presented in Fig. 23.
Fig. 23(a) compares the longitudinal residual stresses in the L2 face of
the 4.5 mm-thick SHS tube, before the substrate removal, measured
using the DIC and the Demec technique. The DIC method shows good
accuracy in measuring membrane residual stresses, producing results
comparable to those based on the Demec technique. However, discrep-
ancies between the two methods can be observed in Fig. 23(b) and (c) for
the membrane residual stresses of the L2 face of the 3.5 mm-thick SHS
tube and the CHS tube with the low interpass temperature, which are
attributed mainly to the increased level of error for DIC when out-of-
plane movement is present and specimen positioning and reposition-
ing between successive measurements. This limitation is particularly
significant in residual stress measurements where the level of strain to be
measured is relatively low (typically around 0.0005). Prior to the
experiment, the calibrated DIC system was used to measure an unde-
formed sample placed at different positions, from which the fictitious
strain recorded was considered to be the DIC measurement error. The
fictitious strain obtained was around 0.0004, on average, which is
relatively high when compared with the strains to be measured associ-
ated with residual stresses in this study (around 0.0005). Hence, the DIC
measurements were found not to be sufficiently accurate for evaluating
residual stresses in the present study. The measurement accuracy can be
improved by optimising the DIC setup, such by using as a larger stereo
angle and a more controlled environment [67]; this is to be explored in
future studies.

6. Conclusions

In the present study, the distribution of residual stresses in wire-arc
directed energy deposition (DED-Arc), also commonly known as wire
arc additive manufacturing (WAAM), steel tubular members has been
examined, and the effects of part geometries, cooling methods and
interpass temperatures have been investigated. The sectioning method
was employed to investigate seven DED-Arc specimens with square,
circular and oval-shaped cross-section profiles. A combination of Demec

Table 7
Summary of peak membrane residual stresses in the ovals.
Cooling method Direction Om,Demec,max (MPa) Om,Demec,max/fy Om,Demec,min (MPa) Gm,Demec,min/fy
Active Transverse 278 0.59 -81 -0.17
Longitudinal 319 0.68 -184 -0.39
Passive Transverse 353 0.76 -120 -0.26
Longitudinal 593 1.27 -311 -0.66
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gauge, laser scanning and digital image correlation (DIC) was used to
measure the strain released from sectioning. Residual stress distribu-
tions in both the transverse and longitudinal directions were examined.

The square hollow section (SHS) tubes showed, in the longitudinal
direction, tensile residual stresses in the corners and compressive re-
sidual stresses in the middle of the flat faces, while in the transverse
direction, the lower and upper parts of the tubes exhibited locally high
tensile residual stresses. The SHS tubes with different thicknesses
exhibited similar residual stress distributions, but the thinnest SHS tube
underwent elastic local buckling under the residual compression, which
altered the pattern. The circular hollow section (CHS) specimens showed
an axisymmetrical residual stress profile around the tube circumference.
The longitudinal bending residual stresses were shown to be significant,
with residual tension on the outer surface and interpass temperature
playing a key role in the bending stress magnitude. For the oval hollow
section specimens, the residual stress distribution was similar to the
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SHS, with active cooling reducing both the tensile and compressive
longitudinal residual stresses compared to passive cooling. DIC was
shown to be effective for residual stress measurements in some cases, but
the accuracy can be negatively affected by the increased measurement
error due to out-of-plane movement. Thermal-mechanical simulation of
the printing process is needed in future research to gain a deeper insight
into the formation of residual stresses in DED-Arc parts, for which the
results presented herein will serve as a valuable experimental basis for
model validation.
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