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A B S T R A C T

Wire and Arc Additive Manufacturing (WAAM) is particularly well suited to the fabrication of large-scale
structural components. Its use for the deposition of Duplex Stainless Steel (DSS) structures is especially sought
upon by the naval industry. Although additively manufactured materials usually come with heterogeneous
microstructure, residual stresses, internal and surface defects that must not jeopardize the structural integrity of
components. In this context, the present study aims to analyse the as-deposited microstructure of a WAAM DSS
and its influence on the mechanical behaviour via mechanical field measurement using both Digital Image
Correlation (DIC) and Thermoelastic Stress Analysis (TSA).

1. Introduction

Metal Additive Manufacturing (AM) allows for the rapid fabrication
of unprecedented designs that meet modern challenges for lighter
structural components. Many different technologies of AM exist, and
they are adapted to a wide range of metallic alloys [1,2] and scales, from
architected materials such as lattice [3,4] to meter-scale structures
[5–7]. Among these techniques, Wire and Arc Additive Manufacturing
(WAAM) is the best suited to large scale components due to its high
material deposition rate of several kilos per hour [8]. WAAM is a direct
energy deposition process in which a wire input is melted by an arc onto
a substrate, building up the part in a layer-by-layer fashion, each layer
being constituted of interlaced weld beads. This process is of particular
interest in the naval industry, where it can be used as an alternative to
casting for the production of innovative propeller blades [9,10]. For
such marine application, the material of choice is Duplex Stainless Steel
(DSS) because of its goodmechanical properties and corrosion resistance
[11]. This material consists of a two-phase microstructure: ferrite /
austenite. The mechanical behavior and corrosion resistance are directly
related to the microstructure of the material, and especially to the
ferritic and austenitic phases distribution [12,13]. A phase ratio of
approximately 50/50 is often desired to optimize the corrosion resis-
tance, and heat treatments can be applied to achieve this phase distri-
bution [14,15].

Current investigations on the processing of DSS via AM show that the
target ferrite / austenite balance is not reached for as-deposited DSS
[11]. Indeed, for most DSS obtained via powder-based AM, a high
fraction of ferrite is observed, and austenite is only found at ferrite grain
boundaries, such as Widmanstätten austenite or intragranular austenite
[16,17]. This low austenite content is mainly due to the small heat input
and the rapid cooling rate for powder-based AM [11,18,19]. However,
for WAAM DSS, slow cooling rates in the temperature range 1200 − 800
◦C are favorable for austenite formation [20]. As a result, with com-
mercial welding wires, a high fraction of austenite (≈ 74 %) is usually
observed. Zhang et al. [21] confirmed this result using temperature
measurements during WAAM process. Wittig et al. [20] showed that the
decrease of arc energy can help to attain a phase balance close to 50/50.
It is however observed that the spatial distribution of both phases is
heterogeneous: a higher ratio of ferrite is found at the fusion lines be-
tween weld beads. Other studies show that the morphology of the
austenite phase is also affected by the WAAM process, as it appears as
either Widmanstätten austenite, intragranular austenite, or intergran-
ular austenite depending on its position within the deposited layer
[21,22]. Secondary austenite is also observed in some regions due to the
cyclic thermal history during WAAM process [20,22].

The existence of microstructural heterogeneities induced by the AM
scanning strategy is a classical observation for non-heat-treated AM
materials [23–26]. These variations of microstructure induced by AM
can lead to a singular mechanical behavior and preferential failure. Such
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effect was investigated by Chen et al. [27], who observed systematic
static failure in the so-called Heat Affected Zone (HAZ, i.e. the fusion line
between layers) for a iron-based alloy obtained via WAAM. In the work
by Popovich et al. [28] on an additively manufactured Inconel 718 with
purposely induced microstructural variations, it was shown, using EBSD
and Digitial Image Correlation (DIC), that grain size and texture had a
direct impact on strain localization. In the work by Kale et al. [29] on a
316L stainless steel fabricated by Selective Laser Melting, DIC and EBSD
analysis showed that deformation heterogeneities were induced by both
crystallographic texture and the presence of pores. DIC analysis per-
formed by Sun et al. [30] on a low-carbon steel fabricated by WAAM
showed again the existence of regular strain concentration bands under
uniaxial tension.

From this short literature review, it appears that materials fabricated
by WAAM have a singular microstructure with strong heterogeneities
depending on the scanning strategy, that induces heterogeneous me-
chanical behavior, as observed by DIC with the evidence of strain con-
centrations. However, the existence of such behavior in the elastic
domain and its effect on preferential location for fatigue failure have not
yet been observed. In this work, it is proposed to establish a correlation
between a process induced microstructural pattern and a heterogeneous
elastic behavior of a DSS manufactured by WAAM aimed for naval ap-
plications [31]. The aim is to propose a method to assess the effect and
possible criticality of such microstructural patterns on structural
components.

This paper is divided into three sections. First, details are given
regarding the chemical composition and basic mechanical properties of
the DSS obtained by WAAM used in this study. The experimental set-up
is also presented, namely, microstructural analysis, DIC analysis and
Thermoelastic Stress Analysis (TSA), from which the theoretical back-
ground is reminded. Second, the experimental results are presented: the
presence of microstructural patterns is highlighted via both optical mi-
croscopy and EBSD; strain concentrations consistent with the literature
are observed via DIC, and stress concentrations are found via TSA.
Finally, the mechanical fields, both from DIC and TSA, are compared to
macrographs, demonstrating the correlation between microstructural
patterns and strain/stress concentrations. It is found that TSA is an
adapted experimental technique to observe and assess the effect of a
WAAM scanning strategy on the microstructure and thus the mechanical
behavior.

2. Materials and methods

2.1. WAAM duplex stainless steel

The material of study is a duplex (austenitic-ferritic) stainless steel
produced by WAAM via Gas Metal Arc Welding (GMAW) using Cold
Metal Transfer (CMT) technology. The filler material is a regular DSS
welding wire whose chemical composition is detailed in Table 1.

The material was provided in the form of multi-bead non-heat-
treated blocks of dimensions 300× 210× 55mm produced by Ecole
Centrale de Nantes (Fig. 1). A weaving deposition strategy is used for the
fabrication of these blocks in which weld beads of each layer are

orientated alternatively at angle +ϕ (denoted x́
→
) and − ϕ (denoted xʹ́

→
)

with respect to the transverse direction of the substrate x→ (Fig. 1 a). As a
result, a very specific pattern of the weld beads appears:

- as ±ϕ bands in the plane of a layer (x, y) (Fig. 1 b);
- as a “wave” pattern in an arbitrary vertical slice (x, z) (Fig. 1 c);
- or as an alternance of bands (in plane weld beads) and “waves” (out
of plane weld beads) in vertical slice (x́ , z) where direction x́→ is
orientated at +ϕ with respect to x→ (Fig. 1 d).

In the following, the plane of observation (x́ , z) is of particular in-
terest. For clarity, a layer is referred to as li, where the subscript i is
relative to the deposition process, with i = 0 corresponding to the first
layer deposited on the substrate. Moreover, a difference is made
regarding the orientation of weld beads within a layer with respect to

the plane (x́ , z). Layers of welding direction x́
→
are noted IP (In Plane)

and layers of welding direction xʹ́
→
are noted OP (Out of Plane) (Fig. 1 d).

The mechanical properties of the WAAM DSS is determined via
quasi-static uniaxial tensile tests on samples extracted along both the
building direction z→ and the horizontal direction y→. As no significant
anisotropy was found [21,22,32–34], only the mean values of the yield
stress σy, the ultimate tensile stress σULT and the elongation to failure A
are given in Table 2.

2.2. Mechanical test samples

Samples are extracted from raw blocks via electrical discharge
machining and mechanical machining, meaning that no effect of the as-

Nomenclature

ϕ Additive manufacturing weaving angle
σy Yield stress
σULT Ultimate tensile stress
A Elongation to failure
θ Temperature rise of a sample under cyclic loading
θd Stabilized temperature rise linked to the material’s

inherent dissipative behaviour
θsthe Temperature rise linked to the thermoelastic coupling
ρ Density
c Specific heat
q→ Local heat flux
Cthe Heat source of the thermoelastic coupling
Δ Heat source of the inherent dissipation
T0 Initial temperature
E Young modulus
ν Poisson coefficient
fm Mechanical frequency
α Coefficient of thermal expansion

I1a Amplitude of the stress tensor’s first invariant
θs1 First harmonic of the temperature linked to the

thermoelastic coupling
F Fourier number
λ Thermal conductivity
lc Characteristic length of the smallest detectible I1 gradient

through thermoelastic stress analysis considering
conduction effects

fc Camera sampling frequency
θc1 First harmonic of the temperature linked to the

thermoelastic coupling estimation based on infrared data
σnom Nominal stress
Uý Displacement in direction ý→

∊yy Strain in direction y→

θs*1 Reference temperature’s first harmonic corresponding to a
loading of amplitude σnoma

k Readjustment factor between experimental and expected
theoretical temperatures

L. Bercelli et al.
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built rough surface is considered in this study. Two sample configura-
tions are considered for mechanical testing (Fig. 2 a):

- Vertical samples (V) are extracted from raw material blocks so as to
align the loading direction with the building direction z→ and the
normal to the gauge section with ý→ (Fig. 1);

- Horizontal samples (H) are extracted from raw material blocks so as
to align the normal to the gauge section with the building direction
z→.

Both sample configurations are dog bone shaped, with the following
gauge section dimensions: length 67mm, width 20mm, and thickness
6.5mm (Fig. 2 b). This corresponds to approximately to 5 − 6 weld beads

in width and approximately 33 layers in height for the V configuration.

2.3. Microstructural analysis

The specimen used for microstructural observations is a plate cut out
in the core of the WAAM DSS block, with dimensions of 20 mm in the x́→

direction and 40 mm in the building direction z→. The studied surface of
normal ý→ was carefully prepared prior to any observation. The spec-
imen was mounted in a conductive resin and polished on a Struers
LabPol machine using decreasing SiC papers and diamond pastes down
to ¼ µm. Then, different preparation protocols were used depending on
the experimental technique used for observation:

- Specimens for optical microscopy observations were etched using
either
o a modified Beraha solution (60 mL H2O + 30 mL HCl + 0.75 g of
potassium bisulfite) applied during 10 s;

o a V2A etchant (100 mL H2O+ 100mL HCl+ 10mL HNO3) applied
during 2 min;

Table 1
Chemical composition of the filler material (Ugiweld 45 N) in weight percentage.

C (wt%) Si (wt%) Mn (wt%) Ni (wt%) Cr (wt%) Mo (wt%) Cu (wt%) N (wt%) S (wt%) P (wt%) Fe (wt%)

0.02 0.3–0.6 1.0–2.0 8.5–10.0 22.5–23.5 3.0–3.5 0.5 0.12–0.17 0.015 0.02 bal.

Fig. 1. Dimensions in millimetres of a raw WAAM DSS block (a), illustration of weld beads pattern in a layer (b), illustration of weld beads pattern in an vertical slice
in the (x, z) plane (c) and illustration of weld beads pattern in a vertical slice orientated at ±ϕ with respect to y→ in the (x́ , z) plane (d).

Table 2
Mean mechanical properties of the WAAM DSS.

σy(MPa) σULT(MPa) A(%)

533 791 32

L. Bercelli et al.
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- Specimens aimed for SEM observations were polished using colloidal
silica suspension without further chemical etching.

Microstructural observations were performed using both a Keyence
VHX-5000 numerical microscope and a JEOL JSM-IT300LV Scanning
Electron Microscope (SEM) fitted with Oxford Instruments Electron
Back-Scattered Diffraction (EBSD) and Energy Dispersive X-Ray Spec-
troscopy (EDS) detectors.

2.4. Digital image correlation

In order to expose the existence of a heterogeneous strain field
caused by the presence of microstructural patterns induced by the
WAAM process, quasi-static tensile tests were performed under moni-
toring via Digital Image Correlation (DIC).

Tests are performed using a hydraulic tension–torsion testing ma-
chine with a 250kN load capacity. The tests are controlled in total strain
using an extensometer until specimen failure. A black and white speckle
pattern is added on the gauge section to allow for DIC measurement
during the test (Fig. 3 a). DIC measurement and post-processing are
performed using a GOM Aramis 3D camera (Fig. 3 b) and the GOM

Aramis software.
Two samples are tested: one in the V configuration (S-V1) and one in

the H configuration (S-H1). Samples are loaded until tensile failure, and
images are regularly acquired with the GOM camera during the test to
allow for DIC.

2.5. Thermoelastic stress analysis

Thermoelastic Stress Analysis (TSA) is an experimental method used
to assess the stress field on the surface of a sample under cyclic loading
in its elastic regime and based on the cyclic variation of its temperature.
This method is especially efficient for the observation of stress hetero-
geneities, allowing the assessment of stress concentrations in assemblies
or complex structures [35–37] as well as the detection andmonitoring of
fatigue cracks [38–41]. This experimental technique was chosen in this
study to expose the existence of a heterogeneous stress field caused by
the presence of microstructural patterns induced by the WAAM process.

2.5.1. Theoretical background of TSA
TSA relies on the measurement of the temperature response θ of a

structure submitted to cyclic loading. This temperature response can be

Fig. 2. Vertical (V) and horizontal (H) tensile test samples direction in the raw material block (a) and sample’s dimensions in millimetres (b).

Fig. 3. Sample with speckle pattern and equipped with an extensometer mounted in the testing machine (a) and DIC test set-up with GOM Aramis 3D camera (b).

L. Bercelli et al.
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decomposed as follows (Fig. 4):

- an intrinsic dissipation to which is associated a progressive temper-
ature rise θΔ

- the thermoelastic coupling to which is associated an immediate
thermal response θsthe of the loaded structure.

For TSA, the thermoelastic coupling is of particular interest as the
linked temperature allows for the stress field assessment on the observed
surface. Indeed, the local heat equation states

ρc ∂θ
∂t = − div( q→)+Cthe+Δ (1)

where ρ is the density, c the specific heat, θ the temperature variation, q→

the local heat flux and Cthe and Δ the heat sources of thermoelastic
coupling and dissipation, respectively. Noting that, for small tempera-
ture variations θ (i.e. θ

T0≪1 where T0 is the initial temperature), for
typical steel materials at room temperature α2 3E

1− 2νT0≪ρc (with E the
Young modulus) and considering a sinusoidal cyclic loading, the ther-
moelastic coupling heat source Cthe can be written [42]

Cthe = 2πfmαT0I1a sin
(
2πfmt −

π
2

)
, (2)

where fm is the mechanical loading frequency, α is the coefficient of
thermal expansion, I1a is the amplitude of the stress tensor’s first
invariant and t the time. For linear problems (undamaged linear elastic
materials) and under adiabatic condition, the temperature response
linked to the thermoelastic coupling θsthe is also sinusoidal at frequency
fm and the corresponding temperature amplitude θs1 (first harmonic of
the temperature signal) is

θs1 = I1a
αT0
ρc . (3)

As a result, the field of the temperature’s first harmonic at frequency fm
is a direct image of the amplitude of the stress tensor’s first invariant.

2.5.2. Conduction effect and smallest detectable stress field heterogeneity
In practice, the temperature response at the surface of a structure is

assessed using an infrared camera. Infrared films are recorded over a
chosen number of cycles over which the complete field of the experi-
mental temperature first harmonic (at known frequency fm) θc1 on the
observed surface is determined. It is important to note that the experi-
mental temperature signal includes both the conduction effects and the

surface emissivity. This means that the field of θc1 assessed via infrared
measurement is only an image of a locally averaged mechanical field I1a
due to conduction effects. Indeed, testing conditions are not adiabatic
given the material conductivity and the limited testing frequency fm =

10.02Hz. Nevertheless, it is possible to estimate the extent of the con-
duction effect and the size of the smallest detectable heterogeneity lc by
calculating the Fourier number F [43]

F =
4λ

ρcfmlc2
, (4)

with λ the material thermal conductivity and lc a characteristic length.
Three cases can be considered depending on the value of F :

- F ≪1: conduction effects are negligible;
- F = 1: heating capacity and conduction are of the same order of
magnitude;

- F ≫1: conduction is preponderant.

Imposing F = 1, the value lc = 1.4mm is determined, i.e. hetero-
geneities in the stress field of characteristic length greater than 1.4mm
can be observed through TSA.

2.5.3. TSA test set-up
In order to expose the effect of the heterogeneous microstructure on

the mechanical behaviour of WAAM DSS, cyclic tension tests in the
elastic regime were performed and monitored using an infrared camera.
The geometry dimensions of TSA samples are identical to those of
monotonic tensile tests (Fig. 2). The same sample orientation configu-
rations are also considered (V and H, Fig. 2 a). Samples gauge length are
coated with a high-emissivity black paint.

Tests are performed using a hydraulic tension testing machine with a
250kN load capacity. The loading frequency fm is chosen equal to
10.02Hz. Tests are performed at a load ratio RF = Fmin

Fmax = − 1 (zero mean
stress). The infrared camera used in this study is a FLIR SC6700 with an
image resolution of 640× 512 pixels. Care is taken to cover both the
sample and the infrared camera in a drape to avoid any interference
from the testing environment (Fig. 5). The camera acquisition frequency
fc is set to 1Hz. This generates a stroboscopic effect: the temperature
linked to the thermoelastic coupling appears cyclic with a frequency f stm
of 0.02Hz and a sampling of 50 points per cycle in films containing 3000
loading cycles. It allows for a fine assessment of the temperature
amplitude θc1 with less data space usage. The amplitude θc1 of the tem-
perature’s first harmonic is estimated via a pixelwise fit of a function f(t)
expressed as the sum of a saturating exponential and a sine:

f(t) = T0 + θd
[
1 − exp

(
− t/τeq

) ]
+ θc1sin(2πfmt+ϕ), (5)

where τeq is the characteristic time of thermal equilibrium. This post-
processing of the infrared data is performed via the lab developed
software Celenos [44].

In total, three samples are tested: two in the V configuration (S-V2
and S-V3) and one in the H configuration (S-H2). Tests are performed at
five different cyclic loading levels for nominal stress amplitude σa be-
tween 100MPa and 300MPa (Table 3).

3. Experimental results

3.1. Microstructural analysis

3.1.1. Optical observations
The material’s microstructure is revealed via chemical etching, using

the modified Beraha solution (see §2.3) for optical microscopy obser-
vations. A typical optical macrograph of the (x́ , z) plane (i.e. the V
configuration, Fig. 2) is presented in Fig. 6 a, showing the microstructure
of a zone covering roughly three layers (z direction) and three weldFig. 4. Illustration of the temperature response θ of a WAAM DSS sample

submitted to a cyclic loading.

L. Bercelli et al.
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beads (x́ direction). The microstructure appears to be heterogeneous:
the deposition pattern of the (x́ , z) plane, as illustrated in Fig. 1 d, is
made visible by variations in microstructure, grain size, and phase dis-
tribution. It must be noted that in the plane observation (x́ , z), if weld
beads in the layer li are parallel to x́ (IP layer), then weld beads in layers
li− 1 and li+1 are oriented along xʹ́ (OP layers), hence the peculiar pattern.
In Fig. 6 b, this pattern is drawn approximately on the micrograph for
better comprehension: the interface between weld beads and/or layers is
lightened, while the weld beads core is darkened.

To give better insight into the existence of such microstructural
patterns, in Fig. 6, a focus is made on three specific zones, as defined in
Fig. 6 b: Zone A in the core of a weld bead in an OP layer, Zone B in an
interface between weld beads and layers, and Zone C in the core of a
weld bead in an IP layer. Micrographs of Zone A, B and C are presented
in Fig. 6 c, d and e respectively. All three zones display a typical DSS two-
phase microstructure with austenite and ferrite (F). Austenite grains are
arranged according to different classical microstructures that are found
in all three zones, as indicated in Fig. 6, namely Widmanstätten
Austenite (WA), Intragranular Austenite (IGA), formed inside ferrite
grains, and Grain Boundary Austenite (GBA) appearing as elongated thin
austenite grains found at the boundary of ferrite grains. However dif-
ferences can also be observed when comparing the microstructures of
the weld bead core (Zone A and Zone C) to the weld bead interface (Zone
B):

- the weld bead core appears to be dominated by IGA and GBA,
delimiting elongated macro ferritic grains, aligned with the normal
of the weld bead interface (direction of maximum temperature
gradient in the melt pool that tends to control an epitaxial grain
growth [45,46]), as can be clearly observed in Zone A (Fig. 6 c);

- the weld bead boundary is dominated by an equiaxed WA micro-
structure, as found on top of solidified weld beads [47], making Zone

B (Fig. 6 d) appear denser in the ferrite phase than Zone A and Zone C
(Fig. 6 e).

In the (x, y) plane (i.e. the H configuration), microstructural patterns
matching the WAAM deposition strategy (with weld tracks oriented at±
ϕ with respect to x→) are also observed (Fig. 7 a). Tilted parallel bands
are observed, which width depends on the position of the plane of
observation within a deposited layer. In Fig. 7 b, this pattern is shown
approximately for better comprehension: the interface between weld
tracks is lightened, while the weld tracks core is darkened. As observed
for the (x́ , z) plane (Fig. 6), these patterns are due both to heterogeneous
distributions of ferrite and austenite and to the presence of different
types of austenite grains arrangement. This is illustrated via a focus on
three different zones: at the interface between weld tracks (Zone 1, Fig. 7
c) and in the core of two neighbouring weld tracks (Zone 2 in Fig. 7 d and
Zone 3 in Fig. 7 e). The nature of the observed austenite grain
arrangement depends on the position of the plane of observation within
a deposited layer.

These observations are consistent with the literature on the welding
or the WAAM of DSS [21,48–51]. In particular, it is found in [52] that
the ferrite phase is denser at the interface between two consecutive weld
beads (in the order of magnitude of 10% depending on the heat input).

3.1.2. Electron BackScatter Diffraction (EBSD) analysis
To confirm and elaborate on the optical observations, EBSD analysis

was performed on the same sample as §3.1.1 for the (xʹ, z) observation
plane. Both phase distribution and grain orientation (Inverse Pole Fig-
ures, IPF) maps were constructed. Given the scale of WAAM micro-
structural patterns compared with the grain size, to ensure satisfactory
grain indexation, an assembly of local EBSD maps was performed. To
this end, the sample was first chemically etched for optical observation,
and zones of interest were delimited using hardness prints. Then, the
surface layer affected by chemical etching was removed via mechanical
polishing using 1/4 µm diamond paste, followed by colloidal silica
suspension polishing. Results are illustrated in Fig. 7.

An optical micrograph of the indented sample is shown in Fig. 7 a on
which the EBSD zone of interest in OP layer lOPn is delimited in black; an
optical micrograph of this zone of interest is shown in Fig. 7 b with in-
dications of the weld bead interface and core regions. Because of the
wide EBSD assembly, a slight spatial distortion of the image can be

Fig. 5. Test set-up of the TSA under cyclic tension on a painted WAAM DSS sample.

Table 3
Nominal stress amplitude σa levels for the TSA tests.

Sample σa(MPa)

S-V2 100 − 150 − 200 − 250 − 300
S-V3 100 − 150 − 200 − 250 − 300
S-H2 100 − 150 − 200 − 250 − 300

L. Bercelli et al.
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observed when comparing the optical image with the EBSD results. The
occurrence of spatial distortion when constructing wide EBSD maps is a
common issue [53,54], which is not limiting in the present study as only
phase distribution and texture analysis are of interest.

The phase map (with ferrite in red and austenite in blue) obtained via
EBSD analysis is presented in Fig. 7 c. An amount of ferrite of 11% is
found according to the EBSD analysis, and a fraction of 75% of austenite.
However, a value of roughly 29 % is measured via ferrite scope, which is
found to be coherent with the amount of 26 % estimated via segmen-
tation of the optical macrograph (Fig. 6 a) using a simple Otsu thresh-
olding [55]. This difference with EBSD estimations is attributed to non-
indexed data points, which seem to mostly correspond to ferrite grains
(Fig. 7 c).

The grain orientation maps according to the deposition direction z→

are available for each phase individually (in Fig. 7 e for ferrite and Fig. 7

f for austenite) as well as for both phases (Fig. 7 d). It can be observed
that elongated austenite grains in the direction of the maximum tem-
perature gradient exist in the weld bead core region, as observed on
optical micrographs. Smaller equiaxed austenite grains are present in
the weld bead interface region (bottom right hand corner). In Fig. 7 e,
ferrite macro-grains can be distinguished.

A texture analysis of the material’s microstructure is performed via
the processing of the Orientation Distribution Function (ODF) pole

figure for crystallographic directions 〈100〉 according to the basis (xʹ́
→
; yʹ́
→
;

z→) relative to the considered weld bead orientation. Results are illus-
trated in Fig. 8 for each phase. The crystallographic directions 〈100〉 are
of particular interest as they correspond to the preferential directions of
epitaxial growth of grains during welding [45–47]. Indeed, the result of
such epitaxial growth can be observed on optical micrographs (Fig. 6)
and EBSD maps (Fig. 7), in which elongated GBA and ferrite macro-

Fig. 6. Optical micrograph of the WAAM DSS in the (xʹ, z) plane (V configuration) (a), highlight of the weld beads core and interface as well as zones of interest (b),
micrographs of Zone A in the core of an OP layer weld bead (c), Zone B at the interface between weld beads and layers (d) and Zone C in the core of an IP layer weld
bead (e) with indications of Ferrite (F), Widmanstätten Austenite (WA), Intra Granular Austenite (IGA) and Grain Boundary Austenite (GBA).
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grains are revealed, seemingly perpendicular to the weld bead interface,
or more precisely parallel to the direction of the maximum temperature
gradient in the weld pool. The ODF pole figure of ferrite (Fig. 8 a) reveals
a strong texture, with concentrations about the (yʹ́ ; z) and (xʹ́ ; z) planes
which are specific to the weld bead orientation in this analysed WAAM
layer ln. Despite the limited number of ferrite grains available in the zone
analysed via EBSD, given their size relative to the size of one weld bead
section, this ferrite texture is believed to be representative of the
observed weld bead in its OP layer. Consequently, it can be expected that
a different ferrite texture exists in layers lIPn− 1 and lIPn+1, given that their

welding direction x́
→
is different than xʹ́

→
of the analysed layer lOPn . On the

other hand, no specific texture is exhibited for the austenite phase
regarding to the 〈100〉 direction (Fig. 8 b).

3.2. Quasi-static tensile tests

Two samples (S-V1 and S-H1) were submitted to quasi-static tensile
loading until failure. Mechanical field measurement was performed via
DIC during the tests. The post-processing of DIC data revealed two sin-
gular fields: the out-of-plane displacement Uý of S-V1 and the longitu-
dinal strain ∊yy of S-H1. The evolution of these two mechanical fields
during the tensile tests is illustrated in Fig. 9 for nominal stresses σnom =
Fnom
S0 (with Fnom the applied load and S0 the cross-sectional area) ranging
from 500MPa to 800MPa.

The analysis of the out-of-plane displacement Uý of the sample S-V1
reveals the existence of a pattern of horizontal bands at stresses above
the yield stress σy. Eight bands can be distinguished in the height of the
region of interest at σnom = 650MPa (Fig. 9 b). The number of observed
bands is constant throughout the test, and their width appears to follow

the global deformation of the sample as observed just before failure at
σnom = 765MPa (Fig. 9 c). Such pattern can hardly be observed at lower
stress, for σnom ≤ σy (Fig. 9 a). This absence of a similar pattern in the
measured mechanical field at σnom ≤ σy could be due to an insufficient
DIC spatial resolution at lower strains.

Similar observations are made for sample S-H1 in the longitudinal
strain ∊yy field, where tilted parallel bands appear, stacked along the
sample’s longitudinal direction y→ (Fig. 9 e). Their number is constant
throughout the test, and their width as well as their orientation appears
to follow the global deformation of the sample, as seen in the longitu-
dinal strain field just before failure (Fig. 9 f). Again, this pattern can
hardly be observed for lower stress levels, at σnom ≤ σy (Fig. 9 d).

3.3. Cyclic tensile tests

Three samples (S-V2, S-V3 and S-H2) were submitted to cyclic ten-
sion loading at a load ratio of RF = − 1 for different stress amplitudes
below the macroscopic yield stress (Table 3). Fields of the temperature’s
first harmonic amplitude θc1 on the gauge length are determined from
infrared films for each stress level; the results are illustrated in Fig. 10.
The colour range of temperature θc1 maps is controlled through the
definition of a reference temperature θs*1

θs*1 = σnoma
αT0
ρc , (6)

and a factor k

k =
θc1

ROI

θs*1
, (7)

Fig. 7. Optical micrograph of the WAAM DSS in the (x, y) plane (H configuration) (a), highlight of the weld beads core and interface as well as zones of interest (b),
micrographs of Zone 1 at the interface between weld tracks (c), Zone 2 in the core of a weld track (d) and Zone 3 in the core of a subsequent weld track (e).
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Fig. 8. Optical micrograph of the indented specimen prior to EBSD analysis (a), zoom on the region of interest to be analysed via EBSD (b), phase repartition map in
the region of interest (c), grain orientation map (IPF z) of both ferrite and austenite phases in the region of interest (d), grain orientation map (IPF z) of the ferrite
phase in the region of interest (e) and grain orientation map (IPF z) of the austenite phase in the region of interest (f).
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where σnoma =
Fnoma
S0 is the nominal stress amplitude (with F

nom
a the applied

load amplitude and S0 the cross-sectional area), and θc1
ROI

is the average
value of θc1 in the region of interest. θs*1 corresponds to the theoretical
temperature’s first harmonic amplitude for an uniaxial loading of
amplitude σnoma , while k is a readjustment factor between experimental
and theoretical temperatures due to experimental misconsiderations
(black paint emissivity, infrared camera measurement noise, …). Such
definition of the temperature range allows for the maps of θc1 to give
information as to orders of magnitude of local stress gradients (in the
sense of I1a ). However, care should be taken not to interpret maps of θc1
as an accurate depiction of stress concentrations for the following
reasons:

- the characteristic length of field heterogeneities at stake is too small
to ignore conduction effects (see §2.5.2), which could lead to an
underestimating of stresses [38];

- no motion compensation was applied prior to the pixelwise fit (see
§2.5.3);

- the heterogeneities of θc1 could also be the result of material prop-
erties heterogeneities (namely α, ρ and c).

Nevertheless, the order of magnitude of stress concentration esti-
mated via TSA (Fig. 10) is consistent with the literature as to the pre-
dominant effect of void defects on fatigue failure of machined WAAM
specimens [56] or the predominant effect of surface condition on fatigue
failure for as-built WAAM specimens [39,57–59].

Fig. 9. ODF pole figures for the ferrite phase (a) and austenite phase (b) for crystallographic directions.〈100〉

Fig. 10. DIC results on WAAM DSS samples in the V-configuration (out-of-plane displacement Uý ) for a nominal loading of 500MPa (a), of 650MPa (b), of 765MPa
(c) and in the H-configuration (longitudinal strain ∊yy) for a nominal loading σnom of 500MPa (d), of 650MPa (e) and of 800MPa (f).
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It is observed that the heterogeneous field of θc1 constitutes a very
specific pattern depending on the sample direction in the WAAM block.
For the V configuration samples (S-V2 and S-V3), the pattern consists of
two types of horizontal bands, alternating along the loading direction
(building direction z→ of the WAAM block). One strip appears as a
continuous line of high magnitude θc1, the other appears as a juxtapo-
sition of ellipses of lowmagnitude θc1 (Fig. 10 c). For the H-configuration
sample (S-H2), the θc1 pattern consists of oblique bands oriented at 60

◦

with respect to the loading direction (longitudinal direction y→ of the
WAAM block, Fig. 10 c). It appears that a strong heterogeneity exists in
the field of θc1 even for the lowest stress level, at σa = 100MPa. This
heterogeneity appears slightly blurred for higher stress amplitudes: this
is in large part attributed to the absence of motion compensation prior to
the pixelwise identification of θc1, leading to poor field measurement at
larger strains.

4. Discussion

4.1. Comparison of DIC results with microstructural observations

As shown in §3.2, the post-processing of the DIC data acquired during
monotonic tensile tests highlights the existence of mechanical field
heterogeneities at high strains. The microstructure of the tested samples,
after quasi-static tensile tests, is revealed using a V2A etchant (see §2.3).
The characteristic dimensions of the DIC patterns, just before failure,
appear to match the characteristic dimensions of the microstructural
patterns of failed samples. For the sample in the vertical configuration S-
V1, the striped pattern in the out-of-plane displacement field Uyʹ before
failure shows a characteristic length of approximately 8.5 mm (Fig. 11
a). The microstructure of the same sample, analysed after static failure,
shows a band pattern with a comparable characteristic length, corre-
sponding to the deposition layers, where some layers (in which weld

beads are oriented along the normal to the plane of observation ý )
contain grains elongated along the tensile direction z (Fig. 11 a). The
same correspondence is observed for the horizontal configuration sam-
ple S-H1, in which the mechanical field of longitudinal strain ∊yy just
before failure and the microstructure after failure show similar patterns
of orientated bands with a characteristic length of 3.8 mm (Fig. 11 b).

This tends to show that the mechanical field heterogeneities
observed in the plastic domain of the WAAM material are caused by its
specific microstructure, and so are due to the WAAM process. Similar
observations were performed by Popovich et al. [28] who demonstrated
that a heterogeneous microstructure purposely generated via AM leads
to strong mechanical field heterogeneities observed by DIC in the plastic
domain.

The highlighting of fine heterogeneities in the mechanical behaviour
at such a scale through DIC is only achievable at high strains, i.e., in the
plastic domain. On the contrary, the use of TSA allows for the obser-
vation of the microstructure influence on the mechanical field in the
elastic domain.

4.2. Comparison of TSA results with microstructural observations

As shown in 3.3, the DDS processed by WAAM exhibits a heteroge-
neous stress field (heterogeneous field of the amplitude of the temper-
ature’s first harmonic θc1) in the elastic domain when submitted to
simple uniaxial cyclic tension. It is suggested that such heterogeneities
result from the heterogeneous microstructure of the material. Indeed,
the evaluation of characteristic dimensions in both the stress field and
the microstructure appears to be consistent. This is illustrated by the

observation of the ( x́
→
, z→) plane in Fig. 12. The layer thickness is esti-

mated to be 4.3 mm and the track width to be 2.8 mm (Fig. 12 a). Such
values appear to match the characteristic dimensions in the patterns of
the θc1 field, as illustrated on sample S-V3 for a stress amplitude of 150

Fig. 11. Image of the temperature’s first harmonic θc1 in the infrared camera field of view (a), images of the temperature’s first harmonic θc1 in the gauge length of
samples S-V2, S-V3 and S-H2 at different stress amplitudes (b) and zoom-in of the two different θc1 patterns (c).
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MPa (Fig. 12 b). As for the H configuration (horizontal plane ( x→, y→)),
the field of θc1 for sample S-H2 (Fig. 10 b) shows a pattern (oblique lines
of constant θc1 values) consistent with the microstructural pattern
observed in the optical macrograph for such a sample (Fig. 11 b).

Following the expression of the amplitude of the temperature’s first
harmonic θs1 under perfect adiabatic conditions (equation (3), the dif-
ference in θc1 (first harmonic’s amplitude under experimental condi-
tions) from one physical point to another can be explained by a

difference in local stress I1a or by a difference in local material properties
(namely ρ, c or α). Given that the core of weld beads from one layer to
another contains identical microstructures and supposedly identical
material properties, the patterns observed in the TSA field θc1 is the result
of differences in local stress I1a .

On the one hand, the banded pattern in θc1, with alternance of high θc1
(red) and low θc1 (blue), as shown in Fig. 12 b, is the result of differences
in local stress I1a in consecutive layers caused by their distinct

Fig. 12. Comparison of the microstructure after tensile failure with the out-of-plane displacement field Uý before failure of sample S-V1 (a) and with the longitudinal
strain field ∊yy before failure of sample and S-H1 (b).

Fig. 13. Comparison of the microstructure’s characteristic dimensions with that of the map of the amplitude of temperature’s first harmonic θc1 of the gauge length of
sample S-V3 for a stress amplitude of 200 MPa.
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preferential ferrite orientation (cf. §3.1.2), induced by the weld track
orientation (and consecutive epitaxial growth of the grains), with
respect to the loading direction (Fig. 13).

On the other hand, the wave-like pattern of θc1, that exists within any
OP layer (layers of low θc1 value), results from variations in the ferrite
content along the width of the sample, with higher concentrations at the
weld bead interface. Such ferrite content variation does not exist on the
surface of the observation for IP layers; as a result, IP layers appear
almost homogeneous (due to conduction effects with the surrounding
OP layers) and are equal to high θc1 value bands in the TSA field. The
effect of ferrite content variation on TSA fields can also be observed on
the H specimen, where the red tilted band pattern corresponds to the
high ferrite content weld bead interfaces in the (x, y) plane (Fig. 10 b).

5. Conclusion

This study investigated the microstructural effect of a DSS processed
by WAAM on its mechanical behaviour, namely mechanical field het-
erogeneities under simple uniaxial loading. From the experimental re-
sults, the following observations are made:

1. Optical microscopy observations revealed that the WAAM DSS has a
heterogeneous microstructure, showing patterns of characteristic
dimension of a few millimetres, corresponding to that of the depos-
ited weld beads. This microstructural pattern is due to the concen-
tration of ferrite at the weld bead interface, the presence of an
elongated GBA in the weld bead core aligned in the direction of the
maximum temperature gradient inside the welding melt pool, and
WA at the weld bead interface.

2. EBSD analysis revealed the existence of a texture for the ferrite
phase, for which the 〈100〉 direction is preferably aligned with ý→

inside the deposited block. Such texture is attributed to the WAAM
process, and its nature is presumably controlled by the deposition
strategy (orientation of the weld beads within one deposited layer).

3. The DIC results under monotonic tensile loading revealed the exis-
tence of heterogeneous strain and displacement fields in the plastic
regime. The heterogeneity patterns appeared to depend on the
sample orientation according to the layer deposition direction with
respect to the loading direction.

4. The comparison between DIC fields before sample failure and the
optical observations of the failed sample’s microstructure shows that
the heterogeneity patterns are similar and have comparable char-
acteristic dimensions.

5. The TSA results, under cyclic tensile loading at R = − 1, revealed the
existence of a heterogeneous stress field in the elastic regime. The
heterogeneity patterns appeared to depend on the sample orientation
according to the layer deposition direction with respect to the
loading direction.

6. The comparison between TSA fields and the optical observations of
the material’s microstructure shows that the heterogeneity patterns
are similar and have comparable characteristic dimensions. Both the
inhomogeneity in ferrite distribution, and the different ferrite tex-
tures in consecutive layers can explain the TSA field pattern.

In conclusion, this study presented different experimental methods
to assess the effect of WAAM microstructure on the mechanical behav-
iour of a DSS, namely DIC and TSA. While the existence of a correlation
between microstructural heterogeneity and mechanical behaviour het-
erogeneity is no surprise, the present study shows that the scale at stake
in the case of WAAM (a few millimetres) could come close to that of
structural elements. Indeed, the material of the present study is aimed at
the fabrication of hollow marine propeller blades [10]. In that regard,
TSA appears to be a suitable method for the assessment of stress con-
centration levels associated with the existence of a heterogeneous
microstructure obtained by WAAM, allowing for a quantitative analysis

about WAAM layer deposition strategy’s impact on the material’s linear
elastic behaviour.
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