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1 Introduction ‘
Robotic
As seen in the aerospace, automotive and healthcare industries [1- am
4], the introduction of digitally-enabled techniques, such as 3D
printing, is projected to also have a transformative effect in the con-
struction industry [5-7]. Wire and arc additive manufacturing
(WAAM) [8] is a metal 3D printing technique that employs a robotic @~'_\.«
arm, such as that shown in Figure 1, to print metallic components of Y
any desired geometry and size [9,10] in a layer upon layer fashion.
The revolutionary aspect of WAAM is that it allows the production
of bespoke structural components that are not technologically or
economically feasible with conventional formative (e.g. hot-rolling)
or subtractive (e.g. milling) shaping techniques [6,7]. By placing the
material where it is most needed, WAAM can lead to greater struc-
tural efficiency, reduced material use and reduced waste. For exam-
ple, the Dutch company MX3D [11] has reverse-engineered, topo- -
logically optimised and printed a replacement part for an ABB - L Printed
industrial robot, shown in Figure 2, achieving over 50% weight re- | ) component
ductions in comparison with the original part [11]. e o
Significant barriers to the wider use of additive manufacturing in
construction include the lack of standardisation for manufacturing,
quality assurance and design [1,7]. These barriers relate, to a large
extent, to the scarcity of test data on the mechanical properties of
additively manufactured materials [12,13].

Welding l
wire

Y - 3
b 4 Welding

Figure 1 Robotic arm used in WAAM. Source: MX3D [11].
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Replacement part

(a)

Figure 2 (a) ABB robot with WAAM replacement part attached. (b) Original (left)
and topologically optimised (right) geometries of the part. Source: MX3D[11].

Inlight of this, there has recently been a growing number of research
groups investigating the microstructural and mechanical properties
of different WAAM materials, including low-carbon steels [14,15]
and various stainless steel alloys [16-20]. All the aforementioned
studies have revealed a degree of anisotropy in the behaviour of
WAAM material, i.e. its mechanical response is influenced by the di-
rection of loading relative to the deposition direction. The material
anisotropy is inherent to the manufacturing process, which, owing
to the deposition of welding material in layers, results in solidifica-
tion under a distinct thermal gradient [20]. In contrast to conven-
tional structural steel and stainless steel, which generally behave
isotropically (i.e. mechanical properties are independent of orienta-
tion at any given point in the material), anisotropy in additively man-
ufactured materials can be significant [21].

In this paper, the findings of an experimental study into the degree
of material anisotropy in WAAM stainless steel are presented and
analysed. Following a description of the experimental programme,
the elastic mechanical response of the WAAM material is character-
ised using an orthotropic plane stress model requiring the determi-
nation of four independent elastic constants. Subsequently, the ine-
lastic mechanical response is described by means of the Hill's
criterion and the 0.2% proof stresses. Finally, the results are dis-
cussed and conclusions are drawn.

2 Experimental study

The experimental data utilised in the present paper was obtained by
means of tensile coupon testing which was conducted in compliance
with EN ISO 6892-1[45] in the Structures Laboratory of the Depart-
ment of Civil and Environmental Engineering at Imperial College
London, as described by Kyvelou et al. (2020).

21 Test specimens

The test coupons were extracted from WAAM plates manufactured
by the Dutch company MX3D [11] using Grade 308LSi austenitic
stainless steel. Two types of tensile coupons, namely as-built and
machined, were tested. The as-built coupons were cut directly from
the WAAM plates. In total, 37 as-built coupons were tested - 17
with a nominal thickness of 3.5 mm and 20 with a nominal thickness
of 8.0 mm. The machined coupons were fashioned from as-built ma-
terial of 8.0 mm nominal thickness using an end mill, thus removing
the inherently undulating surface of the as-built material and result-
ing in prismatic coupons (within the parallel length) with uniform
thickness, as shown in Figure 3. In this manner, the (weakening) ef-
fect of the geometric undulations was eliminated, and thus the true
characteristics of the underlying material could be studied. In total,
12 machined coupons were tested. To investigate anisotropy in
WAAM material, the coupons were extracted and tested under ten-

sion at three different orientations relative to the deposition direc-
tion, namely at an angle 6 = {0°,45°, 90°} as defined in Figure 4.

Figure 3 (a) Extracted as-built and (b) machined coupons [20].
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Figure 4 Orientations of the coupons relative to deposition direction.
2.2 Test setup and data acquisition

A 250 kN Instron 8802 testing machine was employed to apply mon-
otonic uniaxial loading to the coupons until fracture using strain
control. The applied loading was measured by a load cell within the
actuator. Prior to testing, the surface geometry of the as-built cou-
pons was registered by means of 3D laser scanning to capture the
geometricundulations, shownin Figure 3(a), that areinherent to the
WAAM process. A four-camera LaVision [46] digital image correla-
tion (DIC) system, shown in Figure 5, in conjunction with the DaVis
software [46], was utilised to measure the full surface strain field
during testing by capturing images from both sides of the coupons
at afrequency of 1 Hz. This approach played a critical role in the cur-
rent study since, as shown below, the strain field across WAAM ele-
ments is highly non-uniform.

The average axial stress level was obtained by dividing the meas-
ured tensile load by the mean cross-sectional area over the parallel
length of the coupons, as determined using the laser scanning data
[20]. The average longitudinal and transverse strains were obtained
directly using the DaVis software by considering a rectangular area
over the full parallel length, as shownin Figure 6; this was performed
for both sides of the coupon and an average was then taken. The ob-
tained stress-strain data were: (i) centred to the origin to account
for any preload effects, (ii) smoothed using a moving average filter
with a span of 15 data points, and (iii) distributed evenly along the
stress axis. The mechanical properties of each coupon were subse-
quently determined as described below.

DIC

camera
Tensile
coupon

Figure 5 DIC system used in the tensile coupon testing [20].
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2.3 Test results

23.1 Origin of material anisotropy

The inherent anisotropy in WAAM material is evident in Figure 6,
where the longitudinal surface strain fields of the 6 = {0°, 45°, 90°}
machined coupons are shown. As concluded by Kyvelou et al. (2020)
and Wang et al. (2019), who employed electron backscatter diffrac-
tion to explore the internal microstructure of WAAM material, the
anisotropy originates from the preferential crystallographic align-
ment along the highest thermal gradient (i.e. along the building di-
rection, as defined in Figure 4) during the rapid solidification of the
melted material. Consequently, the mechanical behaviour of the
material can become highly dependent on the direction of loading. A
similar conclusion was reached by Laghi et al. (2020) using 3D digital

microscopy.
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Figure 6 Example of the typical longitudinal surface strain fields of machined cou-
pons at 3.5% average longitudinal strain.

232 Anisotropy in stress-strain responses

The stress-strain (o-¢) responses of the as-built and machined cou-
pons are shown in Figures 7 and 8, respectively, where the longitu-
dinal stress is plotted in terms of both the average longitudinal ex
and transverse ey strains; positive strain values indicate material
elongation while negative values indicate material contraction. The
average Young's moduli Ex, 0.2% proof stresses ooz, ultimate
stresses ou and ultimate longitudinal exu and transverse ey strains
of the as-built 3.5 mm, as-built 8.0 mm and machined coupons are
listed in Tables 1, 2 and 3, respectively. The material properties of
the as-built coupons are reported as being ‘effective’, owing to the
influence of the geometric variability on their mechanical response
[20]. Additional properties, including the 1.0% proof stresses and
fracture strains can be found in[20], where the process of determin-
ing the aforementioned properties is described in detail.

Overall, it can be concluded that there is a high degree of anisotropy
in WAAM material, since the Young’s modulus, strength and ductil-
ity are highly dependent on the direction of loading relative to the
deposition direction. Generally, the responses of the as-built and
machined coupons followed similar trends, with all coupons demon-
strating ductile behaviour (except one as-built 8.0 mm 6 = 90° spec-
imen that had a local lack of fusion [20]). All effective mechanical
properties of the as-built coupons were lower than those of the ma-
chined coupons (except from ey,ueff of the 3.5 mm 6= 0° coupons, and
exueff and eyueff Of the 8.0 mm 6 = 0° coupons). This is attributed to
the negative impact of the geometric undulations [20, 22], which in-
duce eccentricities and thus bending during tensile loading, on the
material response. The 6 = 45° and 6 = 90° coupons demonstrated,
respectively, the highest and lowest Young’s modulus, strength and
ductility (longitudinally). Comparing the average properties of the
different coupon sets, the following conclusions can be drawn:
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Figure 7 Stress-strain responses of the as-built specimens over (a) the full range
and (b) the initial range.
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Figure 8 Stress-strain responses of the machined specimens over (a) the full range
and (b) the initial range.
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As-built 3.5 mm coupons: The 8 = 45° coupons achieved effective
Young’s modulus, 0.2% proof stress, ultimate stress and ultimate
longitudinal strain values that were 114%, 32%, 27% and 114%, re-
spectively, higher than those of the 8 = 90° coupons. The 6 = 0° cou-
pons achieved similar values to the 8 = 45° coupons, except from the
effective Young’s modulus which was 42% lower. The effective ulti-
mate transverse strain of the 68 = 45° coupons was 32% and 80%
lower than that of the 6 = 90° and 6 = 0° coupons, respectively.

As-built 8.0 mm coupons: The effective Young’s modulus, 0.2%
proof stress, ultimate stress and ultimate longitudinal strain values
of the 8=45° coupons were, respectively, 84%, 30%, 32% and 148%
higher than those of the 6 = 90° coupons. Similar values were
achieved by the 6 = 0° coupons, except for a 47% lower effective
Young’s modulus and a 22% higher effective ultimate longitudinal
strain. In the transverse direction, the 6 = 45° coupons demon-
strated 22% and 78% lower effective ultimate strains than the 6 =
90° and 6 = 0° coupons, respectively.

Machined coupons: The Young’s modulus of the 6 = 45° coupons
was more than 50% higher than that of the 8 = 0° and 6 = 90° cou-
pons, which achieved a similar value between them. The 6 = 45° cou-
pons achieved 20% and 13% higher 0.2% proof stress and ultimate
stress values, respectively, than the 6 = 90° coupons; relative to the
6 = 0° coupons, this difference is slightly lower. The ultimate longi-
tudinal strain of the 6 = 45° coupons was approximately 20% higher
than that of the 6 = 0° and 6 = 90° coupons, which achieved a similar
value between them. Transversely, the 6 = 45° coupons demon-
strated 67% lower ultimate strain than the 6 = 0° and 6 = 90° cou-
pons.

Table 1 Average effective mechanical properties of the as-built 3.5 mm coupons.

2] Eeft

00.2,eff Oueff Exu,eff Ey,ueff
©) (GPa) (MPa) (MPa) (%) (%)
0 135.9 333 553 27.3 -15.0
45 192.6 344 570 25.5 -3.0
90 90.2 261 448 11.9 -4.4

Table 2 Average effective mechanical properties of the as-built 8.0 mm coupons.

WAAM material is examined by considering its average macro-
scopic properties; hence, it is effectively treated as being homoge-
neous, with its mechanical properties being uniformly distributed
and independent of location within the specimens.

The coordinate systems adopted in this work are illustrated in Fig-
ure 9. The 1- and 2- directions in the principal material coordinate
system (1-2-3) correspond to the deposition and building direc-
tions, respectively, as shown in Figure 4. The principal material co-
ordinate system is oriented at an angle 6 relative to the Cartesian
coordinate system (x-y-z), with the x-, y- and z-directions corre-
sponding to the longitudinal (i.e. loading), transverse and out-of-
planedirections, respectively. Thus, the angle findicates the loading
direction with respect to the deposition direction. According to the
adopted coordinate systems, the deposition direction of the 6 = 0°
and 6 = 90° coupons is aligned with the x- and y- Cartesian axes, re-
spectively, as shown in Figure 10. In the case of 6 = 45°, owing to the
misalignment between the principal and Cartesian axes, the cou-
pons are subjected to so-called ‘off-axis loading’ [23], which takes
place when 6 # 0° or 6 # 90°.

Tensile coupon

Principal material axes:
1: Deposition direction
2: Building direction

3: Out-of-plane direction

Cartesian axes:

x: Longitudinal (loading) direction
y: Transverse direction

z: Out-of-plane direction

Underlying material

Figure 9 Adopted coordinate systems (for an arbitrary angle 6).

I , E
£ P 1
T* T? Ve Tf

2] Eeft

00.2,eff Oueff Ex,u,eff Ey,u,eff
i —>y i
©) (GPa) (MPa) (MPa) (%) (%) y 2 Fse y p
0 137.1 325 535 325 -17.3 TV TV o TV
45 201.2 351 559 25.5 -3.8 ’
(a) 8 =0° (b) 8 = 45° (c) @ = 90°
90 109.1 271 423 10.3 -4.9
Figure 10 Material orientation in the 6 = {0°, 45°, 90°} coupons where T denotes
Table 3 Average mechanical properties of the machined coupons. the applied tensile load.
6 E 002 Ou Exu Eyu Owing to their thin-walled geometry, the WAAM elements studied
© (GPa) (MPa) (MPa) (%) (%) herein can be assumed to be under plane stress conditions. Further-
0 1433 356 575 30.7 147 more, as evident from the test results presented in Section 2.3,
WAAM material demonstrates different mechanical properties in
45 2195 407 626 364 48 the two orthogonal in-plane directions. Hence, an orthotropic plane
90 139.6 338 554 29.7 -14.5 stress material model is employed. Orthotropic materials are a sub-
set of anisotropic materials, having three mutually orthogonal
planes of property symmetry and, at any given point, having differ-
3 Elastic mechanical response ent properties in three mutually orthogonal directions [23]. The

3.1 Adopted material model

WAAM material is heterogeneous since it exhibits nonuniform dis-
tributions of properties, as illustrated in Figure 6. In the current
work, as discussed in Section 2.3.2, the constitutive response of

same models have been adopted by Bruggi et al. (2021) and Dodwell
et al. (2021); the special case of transverse isotropy has been as-
sumed in the latter.
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3.2 Theoretical basis

32.1 Orthotropic plane stress material model

Compared to fully anisotropic material models, which require 21 in-
dependent elastic constants, orthotropic models require only 9,
namely three Young’s moduli, three Poisson’s ratios and three shear
moduli. In the adopted model, plane stress conditions (within the 1-
2 plane), in conjunction with the reciprocal equation:

2= (1)

By B’

reduce the number of independent constants to 4, namely two
Young’s moduli E1 and E2 in the 1- and 2-directions, respectively,
one Poisson’s ratio vi2 = —g2/e1relating the transverse strains to the
longitudinal strains when stress is applied in the 1-direction, and
one shear modulus G12 in the 1-2 plane. The o-¢ relationships with
respect to the in-plane (1-2) principal material axes are obtained us-
ing the compliance matrix $[23, 37]:

1/E; —V21/E; 0
S =|—vi2/Ex 1/E, 0 ) (2)
0 0 1/Gy,
such that:
&1 01 1/E, —vy, /E, 0 01
[52 :s[az]: —vi, /B, 1/E, 0 ”az], (3)
Y12 T12 0 0 1/G15]1 1712

where 112 and y 12, are the shear stress and strain in the 1-2 plane,
respectively. Equation (3) is subject to the conditions E;, E,, Gy, > 0

and |vy,| < +/E,/E, [34].

Constants E1, E2 and v;, can be obtained directly through coupon
testing. However, to obtain the shear modulus G12, the Young’s mod-
ulus from one off-axis loading test is also required. For this purpose,
off-axis loading tests with 6 = 45°, as shown in Figure 10(b), are typ-
ically undertaken. In off-axis loading, where orthotropic material is
not loaded along its principal material axes, the stresses and strains
in the Cartesian coordinate system (i.e. ex, €y, yxy, 0x, gy and txy) and
the four elastic constants in the principal material coordinate sys-
tem (i.e. E1, E2, v;, and G12) can be related using the compliance ma-
trix S in conjunction with the transformation matrix T:

2sc
s ¢ =2sc |, (4)
—sc sc c?—s?

where ¢ = cos 8 and s = sin 6, such that:

EX
Yxy
where T1is the inverse matrix of T. In this manner, transformation
relationships between the material properties in the Cartesian co-

ordinate system (i.e. Ex, Ey, vxy and Gxy) and the elastic constants in
the principal material coordinate system, can be obtained [23], thus:

Ox

=T-1sT |0y |, (5)

Txy

1 1 1 2v. 1
—=—c4+(——i)52c2+—s4, (6)
Ex Ey G2 Eq E3
1 1 1 2v. 1
—=—s4+(——i)52c2+—c4, (7)
Ey Ep G2 Eq Ez
— Vi2 /.4 4 1 1 1 2.2
v —E[—s+c —(—+———sc 8
w= B[22t e - (E+ L - )] ®)
1 2 2 4v. 1 1
= il il *V12 _] SZC2+—(S4+C4) . (9)
Gxy E1  Ep Eq G2 Gi2

By rearranging Equation (6), the expression for determining G2 by
means of off-axis testing [23, 44] can be obtained:

6o =22+ (L-S-5)] (10)

Eq s2c2\Exy E; E;

which, in the case of 6 = 45°, as in the current work, becomes:

-1
G12=[L+M—l] ) (12)

Ex 45° Eq E_z
where Exas° is the Young’'s modulus measured in the 6 = 45° tests.

According to Equation (3), in an orthotropic material subjected to
stresses only about its principal axes, there is no interaction be-
tween normal stresses and shear strains (and vice versa), as illus-
trated in Figure 11(a). However, in the case of off-axis loading, ac-
cording to Equation (5), coupling between normal stresses and shear
strain occurs; hence, as illustrated in Figure 11(b), both axial and
shear deformations develop. This interaction can be represented by
means of shear-extension coupling coefficients [23, 24, 27, 43],
such as the ‘coefficient of mutual influence of the second kind’ 7,

Yxy 2 2v12 1 3 2 AZY) 1 3
g (Rt ) (2e2e o
Ty x £x *\gy Eq G2 E3 Eq G12 ’

which characterises shear strains in the x-y plane due to normal
stress in the x-direction.
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Figure 11 Illustrations of normal and shear deformations in an orthotropic material
when loaded (a) along and (b) at an angle to the principal axes. Adapted from [24].

3.3 Elastic constants

Based on the test results presented in Section 2.3, the four inde-
pendent elastic constants required to characterise the elastic me-
chanical response of WAAM elements have been obtained.

The elastic constants reported below can be employed in finite shell
element simulations in conjunction with an orthotropic plane stress
material model. In the widely used software ABAQUS [28], this can
be achieved using the *ELASTIC, TYPE=LAMINA command.

33.1 Young's modulus

The average Young’s moduli for 6 = {0°, 45°, 90°}, as determined us-
ing the process described in[20], are reported in Tables 4-6, where
Exis the average value obtained directly from the tensile tests. Since
the applied stress was along the x-direction, Ey has been takenasthe
average Young's modulus corresponding to the 6 = 90° tests; hence,
with Figure 10 in mind: (i) Exoe = Ey,90° = E1, (ii) Ey,0° = Ex,90° = E2and (iii)
Ex4s5° = Ey,as5°.

Compared to conventional stainless steel, which commonly has a
Young’s modulus of 200 GPa [32], the studied WAAM material ex-
hibits lower moduli in the 8 = 0° and 6 = 90° cases and a higher mod-
ulus in the 6 = 45° case. As discussed in Section 2.3.2, owing to the
effect of the geometric undulations, the as-built coupons exhibit
lower effective Young’s moduli than the machined coupons.
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Table 4 Average effective elastic constants of the as-built 3.5 mm coupons.

(2] Exeff Eyeft Vyy,eff Vyyeff Gyyeff
() (GPa) (GPa) () () (GPa)
0 135.9 90.2 0.382 0.398 1221
45 192.6 192.6 0.025 0.025 411

90 90.2 135.9 0.280 0.264 1221

Table 5 Average effective elastic constants of the as-built 8.0 mm coupons.

6 Exeft Eyeff Vyyeff Vyyeff Gayeff
) (GPa) (GPa) 0 0 (GPa)
0 137.1 109.1 0451 0.423 104.2
45 201.2 201.2 0.076 0.076 442
90 109.1 137.1 0.306 0.336 104.2
Table 6 Average elastic constants of the machined coupons.

2] Ex Ey Vyy Vyy Gxy
(©) (GPa) (GPa) 0 0 (GPa)
0 1433 139.6 0.423 0.418 100.8
45 2195 219.5 0.108 0.108 50.0
90 139.6 1433 0.403 0.408 100.8

3.3.2 Poisson’sratio

In this paper, the Poisson’s ratiois taken as the negative relationship
between the transverse strains and the longitudinal strains, thus:

Vyy = ——Y . (18)
In the linear elastic range of the material behaviour, similar values
were obtained for the ‘secant’ Poisson’s ratio, as defined in Equation
(18), and the ‘tangent’ Poisson’s ratio given by vxy= - dey / dex aver-
aged over the stress range for which the response remained linear,
where deyand dex are the incremental changes in transverse and lon-
gitudinal strains, respectively.

For isotropic materials, the Poisson’s ratio must satisfy —1<vy,<0.5;
negative Poisson’s ratios indicate ‘auxetic’ [29, 30] materials, which
exhibit transverse expansion under axial tension, while vxy = 0.5 in-
dicates incompressible materials, such as liquids. For metals, Pois-
son’s ratios typically range between 0.25 and 0.35; for steel [31] and
stainless steel [32], vxy is commonly taken as 0.3. In anisotropic ma-
terials, however, Poisson’s ratio values are not restricted in this way
[33]. Hence, it is not uncommon for anisotropic materials, e.g. com-
posites, to exhibit Poisson’s ratios greater than unity [34, 35]. Theo-
retically, Poisson’s ratios in anisotropic materials have no bounds
[36].
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Figure 12 Initial range of the ex-¢, responses for the as-built coupons.
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Figure 13 Initial range of the ex-¢&, responses for the machined coupons.

In the present study, the elastic constants for the WAAM sheet ma-
terial have been determined within the linear elastic range
0.120/00250.3, as indicated approximately in Figures 7(b), 8(b), 12
and 13. For each coupon, a moving median filter with a span of 15
data points was applied to the Poisson’s ratio data and subsequently
an average was taken within the chosen range. Subsequently, for
each angle 6, the average Poisson’s ratio between all coupons was
calculated. To enforce Equation (1) and thus fulfil the symmetry of
the compliance matrix S in Equation (2), the following relative opti-
misation procedure was also conducted:

_ 2 _ 2

min (Fxy—vxy) + (Tyx—vyx)

Vi12,V21 Vxy Vyx ’ (19)
s.t.VyxEy = VyyEy

where vyy and vyx are the average Poisson’s ratios measured in the
tests, and v, and 7 are the optimised Poisson’s ratios. It has been
assumed that: (i) For the 6 = 0° cases, vxy = Vxy,0° and vyx = Vxy,90°, and
vice versa for the 6 = 90° cases; (ii) For the 6 = 0° cases, Ex = Exo- and
Ey = Ex,90- and vice versa for the 6 = 90° cases. Assuming that the 6 =
-45° and 6 = 45° cases behave in the same manner (i.e. Ex4s° = Ey4s°),
the optimisation process resulted in no changesinthe 6 = 45°values.
Hence, with Figure 10 in mind, the following hold: (i) 7y .= v12, (ii)
Viy,000= V21 and (iii) Ty 450= Vyx 450= Vyy 450 A similar optimisation pro-
cedure has been followed by Bruggi et al. (2021).

As indicated by the machined coupon results in Table 6, the under-
lying WAAM material has similar Poisson’s ratios when tested in the
6 = 0° and 6 = 90° directions and a Poisson’s ratio approximately
equal to 0.1 whentested inthe 68 = 45° direction. Comparing the ma-
chined with the as-built coupon results in Tables 4-5, it is observed
that the geometric undulations decrease the effective Poisson’s ra-
tiointhe 6 = 90° case. Inthe 8 = 45° coupons, the effective Poisson’s
ratio is close to zero; v = 0 can be found in cellular structures, e.g.
honeycombs [38] and cork [33], which exhibit negligible transverse
strains when loaded longitudinally.

There are currently very limited investigations on the Poisson’s ra-
tio of WAAM stainless steel. Based on tensile tests on three ma-
chined 8 = 0° coupons, Al-Nabulsi et al. (2020) reported an average
Poisson’s ratio of 0.3, matching the value typically used for conven-
tional steel. Bruggi et al. (2021) reported Poisson’s ratios of 0.46 +
0.07 and 0.38 + 0.04 for machined 6 = 0° and 6 = 90° coupons, re-
spectively, which are similar to those reported herein.

3.3.3 Shear modulus

To determine the shear moduli, the average Young’s moduli and av-
erage Poisson’s ratios, as listed in Tables 4-6, were utilised. Firstly,
the shear modulus with respect to the principal material coordinate
system G12 was calculated using Equation (11), where, E1 = Exoe, E2 =
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Exgocand vy, = ¥y ¢e; the resulting shear modulus is Gi2 = 100.8 GPa
for the machined coupons and Giaeff = 122.1 GPa and Gizeff = 104.2
GPa for the as-built 3.5 mm and 8.0 mm coupons, respectively. Sub-
sequently, using G12, for each angle 6 = {0°, 45°, 90°}, the shear mod-
ulus with respect to the Cartesian coordinate system Gyy was deter-
mined using Equation (9).

The obtained shear moduli are listed in Tables 4-6, where it is ob-
served that, in contrast to the Young’s moduli, the shear modulus is
lowest in the 6 = 45° case. Specifically, Gxy,45° is 66%, 58% and 50%
lower than Gyy,0° = Gxy,90° in the case of the as-built 3.5 mm, as-built
8.0 mm and machined coupons, respectively. Compared to conven-
tional stainless steel, which is assumed to have a constant shear
modulus of 76.9 GPa [32], the studied WAAM material demon-
strates higher shear moduli in the 6 = 0° and 6 = 90° cases. Con-
versely, in the 8 = 45° case, the studied WAAM material has a much
lower shear modulus.

3.4 Variation of elastic constants with direction

In the current section, the average test results, listed in Tables 4-6,
are used in conjunction with Equations (6)-(9) and (12) to plot the
theoretical variations of the anisotropic elastic constants and
shear-extension coupling coefficient, respectively, with the off-axis
angle 6 (i.e. the direction of loading relative to the deposition direc-
tion). Note that the variations shown in Figures 14-18 for the range
0°< 6 <90° are symmetric with respect to all other quadrants, i.e.
90°< 6 <180° etc. For comparison, the Young’s modulus E, Poisson’s
ratio v and shear modulus G of conventional stainless steel are
shown in dotted lines.

The theoretical curves for the as-built 3.5 mm, as-built 8.0 mm and
machined coupons are shown in Figures 14-16, respectively, along-
side the average test results for Exand 7, (markers). The test results
act as anchor points to the theoretical curves at 8 =0° and 6 = 90°
since they feature directly in Equations (6)-(9).

As shown in Figure 16, since in the machined coupons Ex = Ey, the
variations of the elastic constants with 6 are almost symmetrical
about the angle 8=45°, close to which the maximum Young’s moduli
are Exas = Eya¢0 = 219.5 GPa, the minimum Poisson’s ratio is vyy 450 =
0.089 and the minimum shear modulus is Gxyssc = 50.0 GPa. As
shown in Figures 14-15, since in the as-built coupons there is a big-
ger difference between Exeff and Ey.efr, the variations of the elastic
constants (except from Gxy.ef) with 8 are non-symmetric. For the as-
built 3.5 mm coupons, the maximum effective Young’s moduli are
Exeff.38° = Ey.eff,522 = 200.9 GPa, the minimum effective Poisson’s ratio
iS Vyyeffase= ~0.213 and the minimum effective shear modulus is
Gyxy,effase = 41.1 GPa. For the 8.0 mm coupons, the maximum effective
Young’s moduli are Exefra1e = Eyeffase = 203.9 GPa, the minimum ef-
fective Poisson’s ratio is vyy efrase = ~0.035 and the minimum effec-
tive shear modulus is Gxy.efras° = 44.2 GPa.

The effect of the geometric undulations on the Young’s and shear
moduli with angle 6 is evident in Figure 17. Considering that the
magnitudes of geometric undulations relative to the coupon thick-
ness are higher in the 3.5 mm than the 8.0 mm as-built material [20],
as geometric variability increases, the effective Young’s modulus of
WAAM material decreases. The same holds for the shear modulus
within approximately the range 15° < 6 < 75°; outside this range, as
geometric variability increases, the shear modulus also increases.
Furthermore, the influence of the undulations on the effective
Young’s modulus becomes stronger with increasing angle 6 as the
loading transitions from parallel to the undulations at 6 = 0° to per-
pendicular to the undulations at 6 = 90°.

The variations of the shear-extension coupling coefficient 7y, and
Poisson’s ratio vy, with respect to 8 are shown in Figure 18. By defi-
nition,at 6=0° and 6= 90° since the material is loaded alongits prin-
cipal axes, 7y, « = 0; at the same angles, the Poisson’s ratios reach
their peak values. For intermediate angles, 7y, achieves similar
magnitudes to vyy. Since Exoe = Exs0, in the case of the machined 6 =
45° coupons, 74y« is equal to 0.02 (i.e. 2%), indicating that theoreti-
cally predominantly normal strains (and minimal shear strains) were
induced in those tests. Therefore, it can be concluded that for the
machined 6 = {0°, 45°, 90°} cases the measured Young’s modulus is
also the true Young’s modulus of the material.

Further investigation is required on the effect of the shear-exten-
sion coupling on the elastic constants of the as-built material. As
shownin Figure 18, inthe case of the as-built 8 = 45° coupons, shear
strains of the order of 36% and 19% of the normal strains were in-
duced under the applied longitudinal stress. Preliminary results in-
dicate that this coupling effect leads to differences between the
measured and true Young’s moduli of the order of 3% in the as-built
6={0°,45°,90°} cases; however more significant differences can po-
tentially occur for other material orientations. Furthermore, as
shown in Figures 14 and 15, the agreement between the Poisson’s
ratios measured in the as-built 8 = 45° coupons and the theoretical
curves is not as close as in the case of the machined 6 = 45° coupons,
as shown in Figure 16. This can also be attributed to the coupling ef-
fect present inthe as-built 6 = 45° coupons; i.e. owing to the interac-
tion between shear and normal strains, the measured effective Pois-
son’s ratios vyy efr4s- are not the ‘true’ Poisson’s ratios, but rather the
‘apparent’ [44] effective Poisson’s ratios of the material.
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4 Inelastic mechanical response

4.1 Adopted material model and theoretical basis

The classical Hill’s yield criterion [40], which is an extension of the
von Mises criterion for isotropic materials [41], is adopted herein to
describe the anisotropic yielding of the studied WAAM material. For
plane stress conditions, the quadratic Hill’s yield criterion [41] is:

(Fo,% + Goy? + H(oy — 03)? + 2Nt3,)%5 =00, (21)

where o1, 02 and t12 are the normal and shear stresses with respect

to the principal material axes, as defined in Section 3.2, and ¢ is the
reference yield stress. The constants F, G, H and N are given by:

F=§(é+é—}%§), (22)
G=%(é+é—é), (23)
H=§(é+é—é), (24)
Nzgé, (25)

while the anisotropic yield stress ratios R11, R22, R3z and R12 can be
obtained using:

_On _ 022 _ 033 _T12
Riy=—5, Rp =3, Rs =5, R =5 (26)

0’

where t° = ¢°/+/3 is the reference yield stress in shear and 6,4, 55,
and G633 are theyield stresses measured from uniaxial tensile testsin
the 1-, 2- and 3-directions, respectively; all ‘R-values’ must be pos-
itive.

For uniaxial off-axis loading, where the applied tensile stress oxis ap-

plied at angle 6 with respect to principal 1-direction, the stress
transformations can be conducted using:

oy oy
Uy] =T_1[0'2] . (27)
Txy T12

Hence, since from Equation (27):

0, = 04c?, 0, = 0ys? and 1, = —0ysc, (28)

when uniaxial stress is applied at an angle 6 = 45° relative to the di-
rection of the reference yield stress, at the yield point o, = 7*%° and

therefore o, = 0, = 145, = % = ? thus, utilising Equations (21)-
(23) and (25) leads to:

1
Ryp=————— . (29)

45 -3

A similar approach for the determination of Ri2 was employed by
Becque (2008).

4.2 Anisotropic yielding in WAAM material
In the current work, 8 = 0° is assumed to be the reference direction,

i.e. 0% =513 = 0ga00 Ozz = Oga0c aNd %5 = G545, Assuming
G33 = 017 = g0 [47], the following R-values are thus obtained:

Ri1 =1, Ry = o200 R33 =1, Ry = % . (30)

0.5
00.2,0° 4(90.2,0° 2_1
3\00245° 3

Utilising the average 0.2% proof stresses listed in Tables 1-3 leads
to the R-values listed in Table 7, which can be used to define the an-
isotropic yielding of WAAM material in ABAQUS [28] using the
built-in Hill's criterion feature. This can be achieved using the
*PLASTIC command, which defines the general form of the plastic
part of the o-¢ response in terms of true stresses and logarithmic
plastic strains, and the *POTENTIAL command, which utilises the R-
values to adjust the stress values of the inputted o-¢ response and
thus accounts for anisotropic yielding. For plane stress models, R23
and Ri3z (not defined herein but required in ABAQUS) can be set
equal to unity. Note that although the 0.2% proof stresses are used
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in the calibration of the R-values, plasticity in fact initiates in stain-
less steels at far lower stress levels; this can be reflected by using the
calculated R-values in conjunction with the widely adopted two-
stage Ramberg-Osgood equation [48].

Table 7 Average calculated R-values taking 6 = 0° as the reference direction.

Coupon type: R11 R22 Ra3 R12
() () () ()

As-built3.5mm 1 0.784 1 1.045

As-built8.0mm 1 0.834 1 1111

Machined 1 0.949 1 1.207
5 Conclusions

Wire and arc additively manufactured sheet material demonstrates
a degree of anisotropy which is inherent to the manufacturing pro-
cess. Using experimental data from tensile coupon tests on as-built
and machined WAAM stainless steel sheet material, a study has
been conducted to establish a modelling approach that can capture
the anisotropic material response in both the elastic and inelastic
ranges. The tensile coupons were loaded in three different direc-
tions (at angles 6 ={0°, 45°, 90°}) relative to the deposition direction.

In the elastic range, an orthotropic plane stress model has been em-
ployed, utilising four elastic constants, namely two Young’s moduli,
the Poisson’s ratio and the shear modulus. The machined WAAM
coupons exhibited Young’s moduli in the 8 = 0° and 6 = 90° direc-
tions that were approximately 30% lower than conventionally pro-
duced stainless steel. In the 6 = 45° direction the Young’s modulus
of the WAAM material was about 10% higher than conventionally
produced material. The as-built coupons displayed lower effective
Young’s moduli than the machined coupons owing to the effect of
the geometric undulations. This weakening effect becomes more
significant as the loading transitions from parallel to the undulations
(6 =0°) to perpendicular to the undulations (6 = 90°).

Similar values were established for the Poisson’s ratio when 6 = 0°
and 6 = 90°, while a Poisson’s ratio of approximately zero was found
for 6 = 45°. It has been shown that the shear modulus can be ob-
tained by means of off-axis testing, where the material is loaded in
tension at an angle B relative to its principal axes. Compared to con-
ventional stainless steel, both the as-built and machined material
achieved a higher shear modulus for 6 = 0° and 6 = 90°; conversely,
alower value was achieved for 8 = 45°, Overall, the experimental re-
sults closely matched the theoretical predictions based on the or-
thotropic plane stress material model.

Finally, to describe the inelastic response of the WAAM sheet mate-
rial, the well-known Hill’s criterion was utilised. The adopted model
requires the material yield stress in three different directions rela-
tive to the yield stress in the chosen reference direction.
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