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A remarkable elastic anisotropy in plates of austenitic stainless steel produced by the Wire and Arc
Additive Manufacturing process is recently reported. The Young’s modulus depends on the angle of ori-
entation with respect to the material deposition direction. Here, for the first time, this anisotropy is
exploited to maximize structural stiffness by simultaneously optimizing the structural design layout
and the local deposition path direction for WAAM. The results obtained indicate deposition that is com-
monly preferred along the load-path directions for WAAM is sub-optimal and stiffness can be increased
at least 53% upon optimizing the deposition directions.
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Wire and Arc Additive Manufacturing (WAAM) is an emerging
manufacturing method for large scale engineering structures with
applications in maritime, aerospace and automotive industries
[1,2]. Material produced by WAAM typically shows anisotropy in
strength along and perpendicular to the deposition direction [3-
11]. However, very recently, remarkable elastic anisotropy in stain-
less steel plates, produced by WAAM is observed [12-14]. The
Young’s modulus observed at 45° to the deposition path direction
is 1.5-2 times higher than in directions along and perpendicular to
the deposition path.

Local fibre orientations of fibre reinforced composite parts have
been optimized to enhance performance [15-17]. Similarly for
WAAM, the deposition path directions can be optimized such that
the stiffest directions of the material are aligned with the load-path
orientation. The anisotropic nature of WAAM produced stainless
steel sheets has already been utilized in design for stiffness
improvement or weight reduction [18]. However, the local deposi-
tion path directions were not optimized but prescribed before
topology optimization. This significantly limits the full exploitation
of elastic anisotropy.

The aim here is to include local deposition path directions as
additional design variables and optimize for layout and deposition
direction simultaneously. A cubic material model is proposed to
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account for the experimentally observed elastic anisotropy. These
WAAM-specific considerations are incorporated into a density-
based topology optimization (TO) framework [19]. In standard
TO, the layout of the design is described by local pseudo-density
variables. Here, in addition, independent local deposition direction
vectors are introduced.

2. Problem formulation
2.1. Definition of design variables

Consider an optimization problem shown in Fig. 1. The domain
is considered as a thin layer to be printed with WAAM with thick-
ness direction perpendicular to the X — Y plane. The continuous
design domain is discretized using bilinear plane stress finite ele-
ments with pseudo density variable p, and an independent depo-
sition direction vector v, assigned to each element e. The density
variables p, ranges between 0 and 1, extremes denoting void and
material regions, respectively [20]. Vector v, has components x,
and y, along the global axes each ranging between —1 and 1. Con-
sequently, the local material orientation makes an angle 0,

HE :tanil(ymxex (1)

with respect to the positive X-axis. Instead of the orientation angle
0., vector components (X.,y,) are chosen as design variables
because it reduces the likelihood of the solution being a local min-
imum [21].

2213-8463/© 2021 The Author(s). Published by Elsevier Ltd on behalf of Society of Manufacturing Engineers (SME).
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Fig. 1. Schematic illustration of discretized design domain with load and boundary conditions, and definition of the optimization variables for element e (blue). Here, p, is the
density design variable and v, is the deposition direction vector with components x, and y, along the global axes X and Y, respectively.

2.2. Material Model

Kyvelou et al. [14] investigated elastic anisotropy of the 308LSi
austenitic stainless steel. Samples cut out from the plates, at 0°,45°
and 90° to the deposition path direction are considered. The corre-
sponding Young’s moduli in the plane were 143.3GPa,219.5GPa
and 139.6GPa, respectively [14]. Here we introduce a cubic mate-
rial model to account for the elastic anisotropy because of the
nearly identical values of the Young’s modulus along and perpen-
dicular to the deposition directions. The compliance matrix for
cubic material model is

i 7 0
Q=7 O 2)
0 0 1

for plane stress conditions suitable for a plate. The stress
6 = [011,022,012]" and strain & = [&y1, &2, £12]" given in Voight nota-
tion are then related as

£=Qo. 3)
Here, E is the Young’s modulus identical in X- and Y-directions, v is
the Poisson’s ratio and G is the shear modulus. Note that, E, v and G
are independent of each other for cubic elasticity. To determine E,
the average of the Young’s moduli along and perpendicular to the
deposition direction is evaluated as E = 141.5GPa. The Poisson’s
ratio is assumed to be 0.30 which is a typical value for austenitic
stainless steel [22]. To determine G, the experimentally measured
value of the Young’s modulus for a sample cut out at 45° to the
deposition direction is used. Following the experiment, the compli-
ance matrix Q’(0) = T(0)QT(0)" is calculated for a coordinate system
rotated by 6 = /4 in the counter clockwise direction. Here, T(6) is
the transformation matrix

1+cos20 1-cos26 _ sin26
2 2 2
1-cos20 1+cos20 sin20
TO)=| °* 2 2 4)
sin26 —sin26 cos20

Equating the component corresponding to first row and first col-
umn of Q'(7/4) to the reciprocal of experimentally measured value
219.5GPa implies G = 120.1GPa. The implications of cubic elasticity
are further detailed in A.
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2.3. Optimization problem

Planar cantilever and bridge optimization problems are consid-
ered as shown in Fig. 2. These are representative of 3D WAAM
cases where the final structure is composed of identical layers
stacked. The cubic material model of deposition-dependent elastic
properties is applied. A 50 x 150 structured mesh is used for both
problems as schematically represented in Fig. 1. The size of a finite
element is 10mm x 10mm. A concentrated load F is applied in both
problems. Because of the linearity, the optimized design layouts do
not depend on force magnitude [19].

The global stiffness of both problems is maximized by minimiz-
ing the elastic strain energy. The corresponding optimization prob-
lem becomes

. 1
ming = i%;“zkewe’x‘” Y, Ue, 5)
st. Ku=f. )
V(p) < Vo. )
0<p, <1, -1<x<1, -1<y.<1, VeecQy. 8)

In Eq. (5), ¢ is the total elastic strain energy. The arrays of design
variables p,,x. and y, are represented by p,x and y, respectively.
Element nodal degrees of freedom and the element stiffness matrix
are represented by u, and k., respectively. Element stiffness matri-
ces depend on the pseudo-density variable p, which will be
denoted as density in the remainder, and vector v.. The design
domain comprising N elements is represented by Qy. Filtering is
applied to density variables to avoid the formation of checkerboard
patterns in the design layout and to ensure a minimum feature size
in the optimized structure [23]. Filtered densities are denoted as p..
A detailed description of the dependence of the element stiffness
matrix on the design variables is given in B. Eq. (6) represents the
equilibrium where K, u and f are the global stiffness matrix, nodal
degrees of freedom and nodal loads, respectively. Eq. (7) represents
the constraint on material volume V(p). The allowed material vol-
ume in the design domain V, is selected as 50% of the design
domain for both optimization problems. Eq. (8) represents the
bounds on the optimization variables. The gradient-based optimiza-
tion algorithm MMA is used [24]. The required derivatives of the
elastic strain energy with respect to design variables are provided
in B.

3. Results

The optimized layouts and optimized deposition directions
(red) of the considered structural problems are shown in Fig. 3.
The deposition directions are only plotted for elements with
Pe > 0.5.

The optimized deposition directions for horizontal members are
aligned at approximately +45° with respect to X direction whereas
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Fig. 2. Optimization test problems considered for simultaneous design and deposition direction optimization: (a) cantilever, (b) bridge.
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Fig. 3. Top row: optimized layout with optimized deposition directions for (a) cantilever (¢ = 1.00) and (b) bridge (¢ = 1.00) problems. Middle row: two stiffest material
directions that are identical in stiffness corresponding to the optimized deposition direction for (c) cantilever and (d) bridge problems. Bottom row: optimized layouts with
deposition directions prescribed along the load-path direction for (e) cantilever (¢ = 1.56) and (f) bridge (¢ = 1.53) problems.To ensure better readability, directions of every
second element are omitted both in X- and Y- directions. ¢ = ¢/, is the normalised strain energy where ¢, is the elastic strain energy of optimized design for the problem
of interest shown in (a) for cantilever and (b) for bridge problems. ¢ is calculated using Eq. (5).

for inclined members this angle is smaller. In Fig. 3b horizontal anisotropy, which corresponds to the ratio between the extreme

deposition direction becomes optimal for members merging in values of E-modulus observed experimentally [14]. Thus, surpris-

the middle since these members have an inclination of +45° with ingly, the conventional deposition path strategy results in the

X- direction. worst possible stiffness performance for the anisotropic stainless
The cubic material stiffness is indifferent to rotation by 5 owing steel.

to cubic symmetry in elasticity. Therefore the two stiffest material In order to extract a WAAM deposition path from the optimized

directions (blue), that are identical in stiffness are shown for both deposition directions, the material orientation 6, at each element is
problems in Fig. 3. It is observed that one of the two equally stiff mapped between 0 and % because in this range the elastic proper-
directions aligns with the straight members’ local orientation that ties uniquely depend on the orientation of material. Therefore, 0, is
corresponds to the load-path of the design. Abrupt discontinuity in first mapped between 0 and % as

the optimized deposition directions (red) are seen in Fig. 3b. How-

ever, these correspond to a rotation of deposition direction by Oc %f’ Xe>0 and y, >0,

+90°. Thus the stiffness of the material remains continuous. o — 7T —0e if, x <0 and y, >0, )
Next, we present a comparison between the optimized and ¢ —0, if, x>0 and y, <0,

commonly employed deposition directions. The deposition direc- n+0. if, xe<0 and y, <0,

tions (black) shown in Fig. 3 are prescribed to be aligned with
the local orientation of members and hence the load-path of the ~ and subsequently o is mapped between 0 and % as
corresponding layout. The elastic strain energies obtained when . .

the deposition direction follows the load-path are 1.56 and 1.53 P — %e %f’ %e <4 (10)
times higher than the direction optimized ones for the cantilever Fooe if, >

and bridge problems, respectively. This implies at least a 53%

higher stiffness in both problems solely by exploiting the elastic The orientation of the post-processed optimized deposition direc-

tions 0¥’ (red) are shown in Fig. 4. The performance () of the part

47
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Fig. 4. Top row: post processed optimized deposition directions corresponding to (a) cantilever and (b) bridge problems. Bottom row: an illustration of a possible deposition
path (black) along the post processes optimized deposition directions (red) for (c) cantilever and (d) bridge designs, respectively.

is not affected owing to the cubic symmetry of the elasticity. The
post-processing is required not only for extracting a viable deposi-
tion path but also because the optimized deposition directions 0,
depend upon the initial state of v, before optimization while the
set of 0¥ is unique. The effect of initial state is discussed in C. An
illustration of a possible deposition path (black) in line with the
optimal post-processed deposition directions is shown in Fig. 4
for both designs. The convergence behaviour of ¢ is discussed in D.

4. Conclusions

Recently observed remarkable elastic anisotropy in WAAM pro-
duced stainless steel is exploited in this study to improve struc-
tural stiffness through topology optimization. Structural layout
and deposition directions are optimized simultaneously to maxi-
mize the global stiffness. The results show that the deposition
directions align approximately at +45° with respect to the load-
path. It is also shown for both problems that the deposition path
following the optimal deposition directions on the optimized
design will improve the structural stiffness by more than 53%
compared to conventional deposition along the load-path
directions.
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Appendix A. Material modelling

The compliance matrix for a coordinate system rotated by
0 = 1/4 in the counter clockwise direction with respect to the glo-
bal coordinates X — Y can be expressed as follows

48

Qu Qi Qs
Q) =|Qxn Qn Qp (A1)
Qo1 Qs2 Qes

Each component of the matrix Q'(#) depends upon the amount of
rotation 0 with respect to the global axes. The subscripts represent-
ing the component of the matrix are adopted from [25] for plane
stress conditions. The rotated coordinate system with 1 —2 axes
are shown in Fig. 1. The Young’s Modulus E; and E, along direction
1 and 2 are equal to 1/Qy; and 1/Qy;,, respectively. The shear mod-
ulus Gy, in 1 — 2 plane is equal to 1/Qgg. The variation of E;, E; and
Gy, as a function of 0 is given in Fig. A.1. The value of E; and E,
remains identical irrespective of 6. Also, it can be observed cubic
symmetry in elasticity is essentially a rotational symmetry by .

300

—_—F
—F,

n

o

o
T

Stiffness Properties(GPa)
g & 8

[%))
o
T

0 . \ \ )
- -m/2 0 /2 ™

Material Orientation (0)

Fig. A.1. Variation of the elastic properties with respect to the material orientation

(0).

Appendix B. Sensitivity Analysis

For gradient-based optimization, the sensitivities of the objec-
tive function ¢ with respect to the design variables are required.
The sensitivities of the objective with respect to the filtered density
variable [19] is
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e -u, e U,. (B.1)
Here, % is given as follows

ok, ~p1 22 T T

55, = PPE T D_D wi(det() BT DB, (B.2)

i—1 j=1

Similarly, the sensitivities with respect to the deposition direction
vector components is calculated by chain rule as shown below

¢ 9¢ 90,

Y _Z¥ “Te B.3

0Xe 00 0X.’ (B3)

dp  9¢ 90,

oY _ Y TPe B.4

. 00, 9y, B4

Now, 0 = tan™ (y,,X.), therefore the terms % and 5 follows

809 _ _ye

e X2 +yr (B5)

00, Xe

e e B.

e X+Ye (B6)

Furthermore, 3¢ is given as

o k.

a0, ~ "% gp, e (B.7)

Finally, % is calculated as following

Ko G o1 oT

8—; =2 > wy(det(D)); BiTja—eDTB,-j +B,T}.TTD%B,»]- 4 (B.8)
e im1 j=1 e e

~— ~——
R
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Appendix C. Effect of initial state on optimization

The optimized deposition directions depend on initial state of
the design variables. The density variables at the start of the opti-
mization are equal to 0.5 for each element. Three sets of initial
deposition states are chosen to investigate the effect on optimized
deposition directions. The deposition vectors corresponding to 0°
90° and random orientation are chosen for each element at the start
of the optimization. The optimized deposition directions corre-
sponding to the three different starting points for Cantilever and
Bridge problems are shown in Fig. C.1. It shows that the optimized
deposition patterns are highly dependent upon the initial state.
This is due to the rotational symmetry in the material model.
Fig. C.2 shows for different initial states the stiffest directions cor-
responding to the optimized deposition directions. It can be
inferred that the optimizer is aligning the stiffest direction along
the structural members irrespective of the initial state of design
variables.

The results post processed by Eq. (9) and Eq. (10) are shown in
Fig. C.3. It can be observed that after post processing the optimized
deposition directions are identical for all the three selected initial
states.

Appendix D. Convergence behaviour

The convergence of the elastic strain energy (¢) as a function of
number of optimization iterations for different initial states is
investigated. The convergence behaviour is shown in Fig. D.1 for
the cantilever and the bridge problems. It is observed that the
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Fig. C.1. Effect of initial state on optimized design layout and optimized deposition directions: (a), (c) and (e) provide optimized design layouts and optimized deposition
directions with initial states as 0°,90° and completely random for the cantilever problem. (b), (d) and (f) show optimized design layouts and optimized deposition directions

with initial states as 0°,90° and completely random for the bridge problem.
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Fig. C.2. Effect of initial state on optimized design layout and optimized deposition directions: (a), (c) and (e) show stiffest material directions corresponding to the optimized
deposition directions with initial states as 0°,90° and completely random for the cantilever problem. (b), (d) and (f) depict the stiffest material directions corresponding to the
optimized deposition directions with initial states as 0°,90° and completely random for the bridge problem.
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Fig. C.3. Effect of initial states on optimized layout and optimized deposition directions: (a), (c) and (e) depict post processed optimized deposition directions with initial
states as 0°,90° and completely random for the cantilever problem. (b), (d) and (f) show post processed optimized deposition directions with initial states as 0°,90° and
completely random for the bridge problem.
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o Start Point § = 0°
% Start Point § = 90°

L Start Point § = Random

Elastic Strain Energy (¢)

100 >
0 50 100 150 200 250 300 350 400 450 500
Number of Interations

Fig. D.1. Convergence behaviour - Convergence of the elastic strain energy with respect to the number of iteration steps for different initial states for (a) Cantilever and (b)

Bridge problem.

elastic strain energies for different initial states converge to the
same value for each problem. Moreover, convergence seems to
show a same trend for each starting point. This also confirms the
finding that the solution to the problem is aligning the stiffest
direction to the load path of the structure, however, due to the
symmetry of the material the optimized deposition directions are
different.
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