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WAAM in the construction industry
Additive manufacturing has found widespread research interest and industrial applications over the
past decades. However, the construction industry is only starting to explore the benefits of this
promising technology, mainly due to a lack of design guidelines that provide the necessary quality
assurance procedures and standardise the manufacturing process [1,2,3]. Wire and Arc Additive
Manufacturing (WAAM) is a metal 3D printing technique where an industrial robotic arm is used in
conjunction with a conventional welding unit to deposit metal and create objects, with few limitations
to their size or shape (Fig 1) [4].
Compared to other additive manufacturing methods, WAAM is especially interesting for the
construction industry due to its high deposition rate (4-9 kg/h [5]) and the inherent surface tension of
the molten metal which allows for overhanging structures to be printed without the need for support
material [5]. Topologically optimised structures made possible by the digitally enabled manufacturing
process, can exhibit the same structural strength but with considerably reduced material compared
to conventional manufacturing techniques, which reduces the weight of the printed part and also its
cost owing to the shorter manufacturing time [6]. These benefits also present interesting
opportunities for the aerospace construction sector, which could allow for the production of large
structural metal parts in space or other planetary bodies [7].
In contrast with conventionally produced stainless-steel structures, which behave in an isotropic way,
those produced by WAAM can present considerable anisotropy [8,9,10]. Owing to the production
process, where the crystallographic structure of the metal orientates itself relative to the distinct
thermal gradient of the different layers during solidification, the mechanical behaviour of a structure
is dependent on the printing direction relative to the loading direction [11]. An additional factor
contributing to the anisotropic material behaviour is the surface finish of printed structures; surface
undulations lead to a nonhomogeneous cross-sectional area, further increasing the directional
dependency of the material [11]. Mainly owing to a scarcity of testing data [12], this anisotropic
material behaviour is currently not fully understood, and no design and reliability recommendations
can be given [5].
Material analysis
Prior work on analysing the material behaviour of Grade 308LSi stainless-steel WAAM [11] has
determined that thin-walled stainless-steel WAAM can best be characterised as a planar orthotropic
material. Proof and yield stresses as well as Young's moduli of the printed material have been derived
for different printing directions, thicknesses and surface finishes. However, to accurately model the
complete planar orthotropic behaviour and be able to simulate the material in finite element analysis
(FEA), additional material characteristics, such as the Poisson's ratios and plastic behaviour, are
needed.
This thesis uses the data of tensile tests from 37 as-built coupons (undulating surface from production
still present) and 12 machined coupons (undulating surface removed using an end-mill, see Fig 2) to
determine the missing material characteristics. The coupons were cut from larger plates at three
different angles (0°, 45° and 90°) to the printing orientation to determine the material characteristics
in these directions (see Fig 3) and at 2 different thicknesses for the as-built coupons (3.5 mm and 8.0
mm). Surface strain fields of the coupons during testing were determined via digital image correlation
(DIC) which allowed, in addition to the longitudinal and transverse strains, for thickness strain
measurements, which are very difficult to accurately determine with traditional methods. From the

stress-strain curves produced by these tests, a clearly anisotropic behaviour can immediately be
detected (Fig 4). All three test orientations (0°, 45° and 90°) exhibit a distinctly different behaviour.
Elastic material behaviour
Elastic Poisson's ratios are determined from longitudinal and transverse surface strains in the elastic
range. Fig 5 shows the individual Poisson’s ratios derived from each machined coupon test as well as
a numerically optimised model fitting the experimental data to a theoretical planar orthotropic
material model. It can clearly be seen that the individual tests follow the expected model very closely.
Fig 5 additionally shows how the Young’s and shear moduli change over different off-axis loading
angles. The elastic material constants derived from the tests: Young’s moduli E, Poisson’s ratios ν and
shear moduli G, see Table 1, show an anisotropic material behaviour of the WAAM structures and
correlate well between the different material thicknesses and surface finishes. The variations in the
material characteristics between the different coupon types was attributed to the varying influence
of surface undulations depending on the coupon’s thickness and surface finish. It is shown that the
influence of the surface undulations becomes less important in thicker cross sections and approaches
the material characteristics of machined structures.
Table 1: Material parameters WAAM [14]
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Plastic material behaviour
To accurately model the plastic material behaviour, the standard unidirectional yield model needs to
be expanded to adapt to different material orientations. Plastic yield ratios (R-values), which can be
determined from yield stresses using the Hill's yield criterion, are used. Their effect can be seen in the
change of shape from the widely used von Mises yield surface (for isotropic materials) to the Hill’s
yield surface, see Fig 6. These yield stress ratios are used in FE to change the shape of the unidirectional
material yielding curve at the different orientations.
The research from this thesis was used as a basis for the publication of two papers exploring the
anisotropic material response of additively manufactured stainless steel using WAAM [13,14].

Fig 1: WAAM system [14]

Fig 2: (a) As-built coupon and (b) Machined coupon [11]

Fig 3: Coupon orientation relative to the deposition and building direction [14]

Fig 4: Stress–strain responses of the machined specimens [14]

Fig 5: Variation of elastic constants with θ in the machined coupons. The horizontal dotted lines
indicate the typical properties of conventionally produced (isotropic) stainless steel. [14]

Fig 6: Normalised yield surfaces for the 3 coupon types using the von Mises and Hill yield criteria.
[14]
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