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ABSTRACT

The present paper develops the constitutive material models of the 3D printed parts via fused deposition
modeling. Additive manufacturing of a part results in a complex microstructure which depends on the process
parameters and build orientation. Consequently, anisotropy is introduced into the material properties. The
mechanical behavior of the printed parts is governed by the constitutive behavior of the material. Therefore, the
stiffness matrix of the material of the final printed part needs to be estimated for accurately capturing their
behavior. The constitutive material modeling of the printed parts using numerical homogenization procedure is
emphasized in this work. The present simulation models can capture the influence of build orientation, printing
direction and layer thickness on the material behavior of the printed parts. Then, the influence of layer de-
position in printing of differently oriented parts of the structure on the material behavior is investigated. It is
revealed that the material behavior of different parts of the structure is not same and is dependent on the build
orientation of the parts and also their thickness. This work aids the computation of elastic moduli and also

selecting of the correct constitutive material model of the printed parts for stress analysis.

1. Introduction

Additive manufacturing (AM) techniques which fabricate a 3D part
by layer upon layer deposition of the material and the associated
techniques have risen in popularity in recent years [1]. These fabrica-
tion techniques have broad applications in the field of mechanical,
aerospace and biomedical engineering [2]. Parts with complex geo-
metry can be 3D printed with less effort and time when compared to
other conventional machining processes. However, the build volume of
AM machines is still a limiting factor for printing larger parts. The metal
additive manufacturing industry has already found a way to accom-
modate large part sizes in the mass production of jet engines parts [3].
In near future, these AM processes will be responsible for a major
change in the design of materials as well as components. The AM
techniques allow for manufacturers to tailor material properties by
designing the microstructure of a material. The material properties of
the final printed part differ from initial material properties used for
printing and these changes in the mechanical properties were addressed
by Kotlinski [4]. The difference in the material properties after printing
is complete is due to changes in the microstructure that are taking place
during layer by layer deposition while building a part. The variation in
the material properties should be taken into consideration when mea-
suring the final properties, which are useful in the design and analysis
of the parts. That means the stiffness matrix should have the final
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material properties of the printed part to accurately capture its me-
chanical behavior during finite element stress analysis. Therefore, the
final mechanical properties of the material of the printed part need to
be calculated for effective design and analysis of the parts subject to
different loads.

A material extrusion process also known as fused deposition mod-
eling (FDM, Stratasys Ltd.), an AM technique, fabricated parts are
considered in this work. The layers of the printed part behave as an
orthotropic material even though the initial filament material is iso-
tropic. This means, the roads in a layer act as fibers in a lamina.
Classical laminate theory available for the laminates can be employed
for characterizing the behavior of the printed parts [5]. The quality of
the printed parts depends on the process parameters of the FDM process
[6]. Furthermore, the mesostructure of the printed parts is governed by
the process parameters such as raster angle, layer thickness, air gap
between the adjacent roads and infill pattern and density. The mesos-
tructure of the printed part will have the fibers and voids. The presence
of voids in the mesostructure of prints negatively impacts the me-
chanical properties of the part [7]. The properties of the part can be
improved by minimizing presence of voids and improving the quality of
the bonding between the fibers. The process parameters such as raster
angle and air gap significantly influence the mechanical properties of
the parts [8-10]. Furthermore, the dependence of mechanical proper-
ties of the printed part on the raster angle for different load cases was
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studied in several recent studies [11-17]. The mechanical properties of
the parts are influenced by bonding formation between the adjacent
fibers and as well layers during the deposition of material [18,19]. The
parts can be 3D printed in any orientation and the build orientation of a
part is decided by the user while generating the G code for printing. The
material deposition strategy is generated by the slicer tool based on
orientation of the part on substrate of the printer and further, it influ-
ence the properties of the part [5]. An orthotropic material behavior
was assessed by conducting experiments on the parts built in different
orientations [20,21]. The build time for printing and also surface
quality depends on the build orientation of the part [22,23]. The ex-
perimental work [20-29] reveals the significance of build orientation
and raster angle on the properties of the printed parts. The computa-
tional work [30-32] on the material behavior of the printed part is
limited and further exploration is required using multiscale models.

As discussed earlier FDM printed parts behave as laminated com-
posite structure and Researchers [33,34] carried out experimental work
for characterizing the mechanical behavior of the printed parts and also
verified with laminate theory results. However, the aforementioned
works are based on experimental work and did not consider internal
features of the mesostructure of the printed parts while calculating their
final material properties. Additionally, the work available only con-
siders calculation of the elastic moduli for a constitutive matrix of plane
stress case. The effect of the build orientation in the calculation of
stiffness matrix and in the characterization of mechanical behavior of
the printed parts using laminate theory is not taken into consideration.
From the previous works, it is evident that the build orientation influ-
ences the material properties of the printed parts. Therefore, the var-
iation in the material behavior due to build orientation should be
considered in the characterization of mechanical behavior of the parts.
Moreover, the computation of stiffness matrix of the material of the
printed part accounting the build orientations using numerical multi-
scale models is an unexplored research area. The present paper ad-
dresses the computation of constitutive matrix by considering the build
orientation of the parts using numerical homogenization. Initially, the
effect of build orientation of the part on its mechanical properties is
described. Then anisotropy in the material properties of the printed L-
bracket structure due to deposition strategy in different parts of the
structure is explained. The layers deposited along the thickness of the
geometry of the part treated with laminate theory for characterization
of their material behavior. Then the layers deposited across the thick-
ness of the geometry of the part due its build orientation are char-
acterized with orthotropic material behavior. Computation of me-
chanical properties of the material of the final printed part using
homogenization method is explained. Influence of build orientation on
the constitutive material behavior of the differently oriented parts of
the structure is investigated.
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2. Effect of build orientation of the part on its material behavior

The material deposition strategy in FDM, shown in Fig. 1. The
material behavior of the printed part depends on the fiber orientation in
the layers, stacking sequence of layers and on its build orientation
[15,27]. The effects of fiber orientation and stacking sequence of layers
in a 3D printed part are considered in the laminate modeling. However,
the effect of build orientation of the part on material behavior cannot
be accounted for using laminate theory and therefore its influence on
the material properties of the printed part is extensively discussed in
this work.

A three-dimensional part can be oriented on different surfaces of the
part on the substrate of the printer. For example, a rectangular plate of
having thickness (t) can be oriented in three different ways as shown in
Fig. 1. In the first case, (Fig. 1a), the surface ABCD of the plate is lying
on the substrate and is commonly known as orienting the part on the
flat surface. The other two cases are edge and upright orientations, where
the plate is oriented on its surface CDEF and BCFG respectively as
shown in the Fig. 1b and c. The lamina material behavior of the layers
of the 3D printed part is due fiber orientation and layer upon layer
deposition. It is known from the previous experimental works [20,21]
that the material behavior of the printed part is influenced by its build
orientation. Therefore, the behavior of the above cases would be dif-
ferent, since the deposition of layers is not same. In the flat orientation,
the layers are deposited along the thickness of the plate, where as in
other cases; edge and upright orientation, the layers are deposited along
width (W) and length (L) of the plate. The laminate modeling is done on
midsurface of the parts. The laminate plate theory can be used for
characterizing the mechanical behavior of the printed part in which the
layers are deposited in only the thickness direction. That means the
laminate theory can only capture the actual mechanical behavior of
first case since, the layers are deposited in the thickness direction. The
layers are not deposited in the same direction of the mid-surface in
other two cases, as seen in Fig. 1b and c and therefore, the mechanical
behavior of these cases cannot be captured using laminate modeling. It
is clear that the constitutive material behavior of the printed part is
dependent on the build orientation, therefore the actual constitutive
material behavior of the printed parts with different orientations needs
to be fully considered to account for the final material behavior in the
stress analysis. The material behavior of the parts built with edge and
upright position would be similar, since the layers are deposited across
the thickness in both cases. Detailed discussion on the effect of build
orientation on mechanical properties of the printed parts is presented in
further work of the paper.

The structures used in real applications will have more than one
simple geometrical shape. Let us consider an L bracket structure for 3D
printing via FDM, as shown in Fig. 2. It has two different parts; hor-
izontal plate and vertical plate. The horizontal plate is lying in the x-y
plane whereas the vertical plate is in y-z plane. Now consider the case
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Fig. 1. Build orientations of the plate, (a) flat, (b) edge, and (c) upright.
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Fig. 2. 3D printed L bracket structure with its mesostructure.

where the L bracket is printed on the substrate of the printer as shown
in Fig. 2. This means the build orientation of two different parts, hor-
izontal and vertical plate, of the L bracket is different and therefore, as
discussed earlier their material behavior would be different. The build
orientation of horizontal plate is flat and the vertical plate is upright.
The constitutive material behavior of the horizontal plate can be cap-
tured using laminate modeling, but not for the vertical plate. However,
it is clear from experimental work [20,21,25,27,35] that the material
behavior of printed parts in upright orientation is orthotropic. There-
fore, constitutive material behavior of an orthotropic material can be
used for characterizing the mechanical behavior of such cases. The
constitutive matrix of the printed parts with different orientations is to
be computed for accounting their material behavior in the analysis. This
can be computed from the mesostructure of the printed part using
homogenization technique [36]. The meostructure of the horizontal
and vertical plate of the printed L bracket structure, shown in Fig. 2,
would be considered for homogenization of the material.

3. Constitutive material behavior of printed parts

Let us consider the constitutive behavior of the two plates of the 3D
printed L bracket structure for considering their material behavior in
the finite element stress analysis. The layers in the horizontal plate are
thin and behave as orthotropic material, and therefore, orthotropic
constitutive relation for plane stress case would be considered. Then the
horizontal plate can be treated as laminated plate and therefore, the
classical laminate theory can be employed to account its material be-
havior in the analysis of the plate.

The constitutive relation for an orthotropic material is given as

on [Cy C2 i3 0 0 0
o Ca Cpp C3 0 0 O

Ciz Cy3 C 0o 0 O . .
2:1323 = 53 023 53 Cu 0 0 ,in matrix form {o} = [C]{e}
a3 0 0 0 0 Css O
=)o 0 0 0 0 G

&1

&2

&3

N2

N3

Va3

@

where Cj; are elements of the constitutive matrix C with Voigt notation.
The strain-stress relation for an orthotropic material by inverting Eq.
(1), written as

{e} =[S}

where S is compliance matrix and coefficients of the matrix are

(2)
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1 V12 V13 1 V23 1
Si=—=,8p=—"",83=—",5=—,53=—"2,S3=—, S
11 B 12 B 13 E 22 B 23 B 33 E 44
1 1 1
= » Sss = ——, Se6 = ——
G2 Gi3 Ga3 3

The coordinate system 1, 2 and 3 is a lamina (local) coordinate system;
axis 1 is along the fiber, axis 2 is transverse to the fiber and axis 3 is
normal to the 1-2 plane which means along thickness of the layer. The
coefficients C;; of the C matrix for an orthotropic material are obtained
by inverting the S matrix. The elastic constants required to describe an
orthotropic material are; the Young’s moduli of a layer along axis 1, 2
and 3 respectively Ej, E,, E3, the shear moduli G;5, G13, Gozand the
Poisson’s ratios v12, 13, v23. Also, the relation Ewj; = Ejy; (no sum on i
and j) for i, j = 1,2,3 and i = j holds for orthotropic materials. For a
transversely isotropic material, the elastic moduli in lateral and trans-
verse direction are same.

Each layer is a thin plate and therefore the layer considered as a
plane stress problem in the analysis. The strain-stress relation for a la-
mina under a plane stress case obtained from Eq. (2) by setting 033 = 0,
793 = 0, 713 = 0 and is written as

&1 Su Sz 0 |(on
&2t =82 S»n 0 [25%)
N2 0 0 Sy|\lh ()]

The coefficients of compliance matrix S are available in Eq. (3). The
plane stress reduced constitutive relation for an orthotropic material is
obtained by inverting Eq. (4). The constitutive relation of thin ortho-
tropic layer is given as

on Qu Qu 0 |(en
Onp =101 Qn 0 |{&2
T2 0 0 Qu|Wh: (5)

where the Q; are coefficients of the plane stress reduced stiffness matrix
Q, and given by

Qi = S22 — E1 Q= S12 — v12E1
S11822-5 ~ 1-viavar’ S11S2-S%  1-viava
_ S11 _ B _ 1 _ G
Q2 SuSn-S% ~ 1-viava’ Qua Sas 12 (6)

Note that the reduced stiffness matrix’s components involve only four
independent material constants, Ej, E,, v15, and Gio. The global co-
ordinate system (x,y,z) for a laminate plate and local coordinate system
(1,2,3) for a lamina are considered.

Strains of the laminate from classical laminate theory is written as

Exx o K
Gyt =gyt +zikyl, (&) = {9 + z{k}
Yy 0 k
Y v )
where €] and ¢), are mid-plane strains in the laminate; y, is the mid-

plane shear strain in the laminate; k,, and k,, are bending curvature in
the laminate; k,, is the twisting curvature in the laminate and z is the
distance from the mid plane in the thickness direction.

The constitutive relation for a laminate is written as

{o} = [Ql{e} ®

where @j are transformed material constants, the elements of @7 are
given as

[Q] = [T [QIITTT

where [T] is a transformation matrix [34].

The Eq. (8) is constitutive relation for the horizontal plate based on
laminate modeling and is useful to account the constitutive material
behavior in the stress analysis. Now consider the constitutive material
behavior of the vertical plate, which is printed in upright orientation.
The build orientation of this plate is different from the horizontal plate
and therefore, the material behavior is not same as that of a horizontal

©)



M. Somireddy et al.

plate. As discussed earlier, the layer deposition is not in its thickness
direction. Therefore, the constitutive relation of the laminate (Eq. (8))
cannot be applied to vertical plate. Also, the plane stress assumption for
constitutive relation is not true for this vertical plate, as thin layers are
not aligned with the mid-surface of the plate. However, the material
behavior of the printed plate in upright orientation is orthotropic in
nature and therefore, an orthotropic constitutive relation (Eq. (1)) can
be used in the stress analysis. The stiffness values in the constitutive
matrix of the orthotropic material are unknown and are to be computed
to account the material behavior in the stress analysis of the part. The
computation of stiffness values of the constitutive matrix of the printed
part can be done using numerical homogenization procedure. The fol-
lowing section covers the constitutive material modeling of the hor-
izontal and vertical plate of the L bracket structure using homo-
genization technique.

3.1. Homogenization for printed parts

The effective constitutive matrix of the material of the printed plates
is calculated from the known properties of virgin material used for
printing the plates. The printed part is considered as continuum. A
small volume of material, represents the periodic architecture of the
material of the printed plate is considered for numerical homogeniza-
tion and this material is called the Representative Volume Element
(RVE). The prediction of effective constitutive matrix of the materials
from its constituent’s properties and geometrical features of the mi-
crostructure is known as homogenization.

The RVEs of the horizontal plate and vertical plate, shown in Fig. 3a
and b, and are taken from the mesostructure of the plates as seen in
Fig. 2. The RVE of the horizontal plate is taken only from the single
layer of the plate, as marked region ‘@’ in Fig. 2 and then the con-
stitutive matrix of the layer can be computed using homogenization.
Then, the matrix is useful in the constitutive relation of the laminate for
characterizing the material behavior of the horizontal plate. As we
know that the laminate theory cannot be applied for the vertical plate,
the RVE of the vertical plate cannot be taken from single layer. The RVE
of the vertical plate is the marked region ‘b’ in the mesostructure of the
plate in Fig. 2. The RVE of this plate represents the fibers of the three
adjacent layers. Then the homogenization is employed to calculate the
effective constitutive matrix of printed vertical plate.

In the homogenization method, the RVE is treated as a macro-
scopically homogeneous orthotropic material. The stresses o; and
strains ¢; are the local fields at a point in the RVE. In a macroscopically
homogeneous RVE, the macroscopic fields such as average stress 5; and
average strains &; are computed by averaging the local stresses and
strains over the volume of RVE (Vzyg), respectively and are given as

G = 7o [ ot %, %) AV, &= [ gi0a, 0, x) dV
v v 10)

The strain energy U” stored in the heterogeneous RVE of the volume
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VRyeg is

VRVE

(11)

The strain energy calculated for homogeneous RVE using homo-

genized modulus is
1_ _

U= Eo'zjsijVRVE 12)

The main idea of homogenization model is to find globally homo-

geneous medium equivalent to the original microscopically hetero-

geneous material, where the strain energy stored in both systems is
approximately same. That means

U=u 13)
Substituting Eq. (12) into Eq. (13)

U* = la.guv
T R a

The elastic constitutive relation of the material for a homogenized
RVE is given as

{o} = [Clie}

where [C] is the effective constitutive matrix of the orthotropic material
and is equal to [S] ~1 as mentioned earlier. Upon substituting Eq. (15)
in Eq. (14), then we have

(15)

1
U* = —g}7[Cl{elV;
S @ IC)E Wi 16)
The unknown elements in the constitutive matrix can be calculated
by solving for different load cases. The strain energy (U") of the RVE for
a deformation mode is obtained from the simulation using Eq. (11) and
then the corresponding unknown stiffness value of the constitutive
matrix is calculated. The average strains are obtained from applied
boundary displacements (z;) on RVE and the average strains in Eq. (10)
can be converted as
_ 1
Eij = V— f (uinj + ujn,-) dSl
RVE g a7z
where S; denotes the outer boundary of the RVE. In case of pure de-
formation, the tensorial shear strain ¢; and the engineering total shear
strain is given as

¥ = &t g = 28 (18)

Boundary conditions: Periodic microstructure is present in the
printed parts and therefore, the RVE is subjected to periodic boundary
conditions. These conditions represent the continuum of the physical
body. The displacement field on the boundary of the RVE can be ex-
pressed as

u; 0, %, X3) = ExXp + U (1, %, X3)

sz

19

(b)

Fig. 3. The RVE of the printed plates (a) horizontal plate, (b) vertical plate.
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dXQ \5}\,

Fig. 4. The finite element model of RVE of the horizontal plate.

where &, is average strains tensor and the first term on the right side of
the Eq. (19) represents a linear distributed displacement field. The
second term on the right side, u;*(x, %, x3), is a periodic function from
one RVE to another. The periodic function u* in the Eq. (19) is unknown
and therefore, the displacement cannot be directly applied to bound-
aries of the RVE. These periodic boundary conditions are suitable for
parallelepiped RVE models. The displacements on the pair of parallel
opposite boundary surfaces is written as

ul* = gxlt + uf (20)

i = e 4+ uk
up = ErXp U

(21)

where the indices j+ and j— identify the pair of two opposite parallel
boundary surfaces of a RVE. The u;* is same at two parallel boundaries
due to periodicity, therefore, the difference between above two equa-
tions is

u/*

- uij_ = €ik(x,{+ - x,g_) = EikAxlf (22)

The right side of the equation becomes constant since Ax; are
constants for each pair of the parallel boundary surfaces, with specified
gx. These Eq. (22) are easily applicable to FE models as a nodal dis-
placement constraint and also guarantee traction continuity condition
along with displacement continuity for a periodic RVE model [37].

4. Results and discussion

This section presents the constitutive material modeling of the
plates of the 3D printed L bracket structure. Initially, computation of
constitutive matrix of the horizontal plate using homogenization is
presented and then characterization of its material behavior using la-
minate constitutive relation is described. Next, vertical plate is con-
sidered for material modeling to compute its constitutive matrix. Then,
the influence of build orientation of the vertical plate on the material
properties is discussed. Also, effect of size of the RVE from mesos-
tructure of the vertical plate on the material properties is investigated.

Let us take 3D printed L bracket structure via FDM with the fol-
lowing process parameters: lines infill pattern, 100% infill density,
raster angle 0° and 90° to the x-axis, layer thickness 0.317 mm and 10%
overlap between the adjacent fibers. The raster angle represents the
printing direction of fibers in the layers and in the present case, the
fibers in subsequent layers are perpendicular to each other. These
process parameters define the size and orientation of the fibers in the
mesostructure of the printed part and also, it is known from the lit-
erature that the mesostructure is governed by the process parameters.
Consider the thickness of the plates of the L bracket structure is
3.85mm. The cross section shape of the fiber after deposition of the
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Table 1
Constitutive matrix(Cjq in MPa) for the material of the 3D printed horizontal plate of the
structure.

Cc 11 22 33 12 13 23
11 2802.7 1136.6 1150.2 0.0 0.0 0.0
22 1136.6 2299.4 1043.5 0.0 0.0 0.0
33 1150.2 1043.5 2339.6 0.0 0.0 0.0
12 0.0 0.0 0.0 674.3 0.0 0.0
13 0.0 0.0 0.0 0.0 678.0 0.0
23 0.0 0.0 0.0 0.0 0.0 637.8
Table 2

The elastic moduli (E;, G; in MPa) for the material of the 3D printed horizontal plate.

Numerical Experimental

Present Ref. [39] Ref. [7] Ref. [33] Ref. [34] Ref. [40]
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674.-

1851.9 20309 1972 1790 1810
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1501.3 1251.6 1762 1150 1695

E;

625.4 410.0 676 808.5 617

678.-

637.-

0.34 0.34 0.39 0.37 0.34 0.32
V12

0.34

V13
0.30

V23

material is elliptical [19,38], and length of its major axis is approxi-
mately double the minor axis and the length of minor axis is equal to
the layer thickness. It is assumed in this analysis that the bonding be-
tween the fibers and layers is perfect. The filament material considered
in the analysis is ABS and is one of the commonly used thermoplastic
material for printing in FDM. The isotropic material properties of the
ABS [7] are E = 2230 MPa and v = 0.34. The RVE are taken from the
mesostructure of the plates and its size and shape depends on the
process parameters and build orientation of the plates. The RVE is de-
fined in local coordinate system x;, x5 and x3, which are aligned in the
direction of length, width and thickness of the plates, respectively.
Three-dimensional continuum eight node hexahedron finite elements,
C3D8, are used in the finite element modeling of RVEs and the FE
modeling is done in Hypermesh (Altair Engineering) and then the
homogenization is done using the micromechanics plugin in Abaqus,
(Dassault Systemes). The mesh dependency is avoided by modeling RVE
with smaller finite elements. The RVE is subject to six different strains,
applied individually using periodic boundary conditions (Eq. (22)).
That means six different load cases are prepared for six unique strains to
determine the unknown elements in the constitutive matrix, C. The
strains applied to RVE in the present analysis are &, &,, &; = 0.01,
&2, B3, B3 = 0.005.

Now, consider the homogenization of the horizontal plate of the 3D
printed structure. The dimensions of RVE are Ax; = 0.20, Ax, = 0.48,
and Axs = 0.31 mm. The finite element model is shown in Fig. 4. Then
the FE simulation for homogenization of the material is carried out and
then the unknown elements of the orthotropic constitutive matrix are
calculated, as explained in section 3.1. The elements of the constitutive
matrix are presented in Table 1.



M. Somireddy et al.

Contour Plot

S-Stress components{Mises)

Simple Average
26.13

[ 2526
2433

| b

— 2264

—2.77

= 2003

[ 19.16

18.28

Mo rasult

(H) §,=0.0L &,,8;,8,,8,,5, =0

Contour Plot

S-Stress components(Mises)

Simple Average
25
3058
2864

— 26N

— 2477

— 2284

— 2080

1569
[ 10.48
527

(C) &, =001, §,,8,,8,,8;,8; =0

Contour Plot

S-Btress components(Mises)

Simple Average
24.49
2389
329

— 270

— 210

— 21.50

(e) £, =0.005, §,,8,,8,;,8,,8, =0

Materials Today Communications 15 (2018) 143-152

Contour Plot
S-Stress components(Mises)
Simple Average

40.14

(b) &, =001, &,,8,,8,,8;,6; =0

Contour Plot

S-Stress components(Mises)

Simple Average
2953
28,09
%6865

— B2

=— 2378

— 223

16.54
[ 1218
782

Mo result

(d) &, =0.005, &,,8,,8,;,8;,85; =0

Contour Plot
S-Stress components(Mises)
Simple Average

238

(f) £,=0.005, §,,8,,,8;,8,,8, =0

Fig. 5. Stress contours in RVE of the horizontal plate subjected to different strains.
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Fig. 6. RVE of the vertical plate, (a) Ax; equal to thickness of plate, t (b) Ax; equal to 0.125t.

The elastic moduli of the orthotropic material can be calculated
from constitutive matrix using Eq. (3) and the elastic moduli for the 3D
printed horizontal plate are provided in the Table 2. The present results
using numerical homogenization are compared with the elastic moduli
available in the literature from experimental work by the researchers in
the Table 2. The elastic moduli from the experimental work can only be

148

useful for constitutive matrix of the plane stress case of the 3D printed
structures. The present analysis results are comparable with results of
the experimental work. The difference in the experimental results by
the researchers is mainly due to the process parameters employed
during printing of the test coupons. The layer thickness and the overlap
between adjacent fibers are the major process parameters which vary,
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Table 3
Constitutive matrix (Cj; in MPa) of the 3D printed vertical plate of the structure, for Axs
of RVE is 0.125¢.

Materials Today Communications 15 (2018) 143-152

Table 4
Constitutive matrix (Cyq in MPa) of the vertical plate of the structure, for Axs of RVE is
0.25t.

c 11 22 33 12 13 23 c 11 22 33 12 13 23
11 2290.3 684.6 627.8 0.0 0.0 0.0 11 2337.2 717.9 742.6 0.0 0.0 0.0
22 684.6 1589.7 508.1 0.0 0.0 0.0 22 717.9 1617.9 593.5 0.0 0.0 0.0
33 627.8 508.1 1456.1 0.0 0.0 0.0 33 742.6 593.5 1745.2 0.0 0.0 0.0
12 0.0 0.0 0.0 561.6 0.0 0.0 12 0.0 0.0 0.0 562.7 0.0 0.0
13 0.0 0.0 0.0 0.0 538.0 0.0 13 0.0 0.0 0.0 0.0 600.8 0.0
23 0.0 0.0 0.0 0.0 0.0 491.1 23 0.0 0.0 0.0 0.0 0.0 526.0
among those experimental studies. The variation in the present analysis Table 5

results and experimental is due to that the mesostructure represented in
the present FE model is not exact replication of the mesostructure exist
in the test coupons of experiments. Also, it is assumed in this work that
the bonding between the adjacent fibers is prefect, but it is not true in
the printed coupons. However, the present analysis is an alternate to
experimental work and provides accurate results compare to that of
experimental work. Furthermore, this analysis gives the all nine in-
dependent elements of C matrix unlike experimental work.

Six different load cases of RVE subjected to six unique strains are
simulated for the analysis and the stress contours of the RVE for
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Constitutive matrix (Cy in MPa) of the vertical plate of the structure, for Axs of RVE is
0.5t.

Cc 11 22 33 12 13 23

11 2383.5 751.0 857.4 0.0 0.0 0.0
22 751.0 1643.8 677.5 0.0 0.0 0.0
33 857.4 677.5 2033.3 0.0 0.0 0.0
12 0.0 0.0 0.0 563.3 0.0 0.0
13 0.0 0.0 0.0 0.0 640.8 0.0
23 0.0 0.0 0.0 0.0 0.0 544.2
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Fig. 7. Stress contours in the RVE of Ax; = 0.125¢ of the vertical plate subjected to different strains.
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Fig. 8. Stress contours in the RVE of Ax; = t of the vertical plate subjected to different strains.
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Fig. 9. Variation in the elastic moduli of the material of the vertical plate for different values of Axs of RVE, (a) E — Axs, (b) G — Ax3 and (c) v — Axs.

Table 6
Constitutive matrix (Cyx; in MPa) of the vertical plate, for Ax; of RVE equal to 1.0 t and 2t.

Cc 11 22 33 12 13 23
11 2450.3 799.0 1023.5 0.0 0.0 0.0
22 799.0 1680.6 798.9 0.0 0.0 0.0
33 1023.5 798.9 2450.3 0.0 0.0 0.0
12 0.0 0.0 0.0 563.8 0.0 0.0
13 0.0 0.0 0.0 0.0 686.7 0.0
23 0.0 0.0 0.0 0.0 0.0 563.7

different load cases are shown in Fig. 5. The maximum stress in all
deformation cases is occurring at interface of the fibers and is because
of the less material present at the interface. Therefore, the weakest
section in the mesostructure is the interface and it is more prone to
initiation of the crack during the loading. The stress is higher in the case

of applied strain &, # 0 and is occurring at the interface of the fibers.
Therefore, debonding between the fibers can occur due of such loads
and this phenomenon ultimately could lead to failure of the 3D printed
parts.

The material behavior of the horizontal plate is characterized using
the constitutive relation of the laminate, Eq. (8). It accounts the
printing direction and layer thickness for the constitutive material be-
havior of the printed part. The thickness of layers is 0.317 mm in the
horizontal plate of 3.85 mm thick and therefore, the number of layers in
the plate would be 12 of equal thickness. Then the stacking sequence of
the layers with defined raster angle in the horizontal plate is [0°/90°]¢.
The horizontal plate behaves as laminate and therefore, the constitutive
relation of laminate can be used in the mechanical behavior char-
acterization of the plate using classical laminate theory [39].

Next, let us consider the constitutive material modeling of the 3D
printed vertical plate of the L bracket structure using homogenization.
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Fig. 10. Finite element model of L bracket structure for stress analysis.

The build orientation of this plate is upright and is different from the
horizontal plate, which is flat. As explained earlier, that the mechanical
properties of the printed part are influenced by build orientation.
Consider that the thickness of this plate is same as thickness of the
horizontal plate, 3.85 mm. The RVE of the plate is taken from the me-
sostructure of the vertical plate is shown in Fig. 6. The Fig. 6a re-
presents the different length of dimension Ax; of RVE from the me-
sostructure of the vertical plate.

Let us consider the RVE shown in Fig. 6b; it has the fibers of three
adjacent layers, oriented perpendicular to each other. Its architecture is
different from the RVE of horizontal plate, which represents only single
layer. It is because the layers of the plate do not act as laminae and
therefore, laminate theory cannot be employed for this plate as ex-
plained earlier. The RVE represents the direction of the fibers in the
subsequent layers and their thickness. Further, it accounts the effect of
build orientation of the layers of the plate. The dimensions of RVE are
Ax; = 0.48, Ax, = 0.62, and Ax3 = 0.48 mm. The FE model of the RVE,
shown in Fig. 6b, is simulated for six different load cases. Then the
unknown elements of orthotropic constitutive matrix are calculated and
are presented in the Table 3.

The stress contours and the deformation modes of the RVE subjected
to six unique strains are shown in Fig. 7. In all deformation modes, the
maximum stress is at the interface of fibers. The deformation mode of
the case &, # 0 is more prone to initiate the crack at the interface of the
fibers because of the highest stress is seen in this case. The RVE of the
horizontal plate is taken from a single layer and therefore the dimen-
sion, Axs, of the RVE is equal to the thickness of the layer. Whereas, the
dimension Ax; of the RVE in the thickness direction of the vertical plate
affects the constitutive matrix of the plate and its influence is in-
vestigated in the following work. Different sizes of RVE such as
Axs = 0.25t, 0.50 t and ¢, as seen in Fig. 6a, are taken from the vertical
plate for the investigation. Then, these FE models of RVE are simulated
for different load cases and then the computed constitutive matrix are
presented in Tables 4-6. Further to study its influence on thicker plates,
the simulations are also performed for Ax; = 2t case and the obtained
results are same as previous case (Axs = t).

Table 7
Constitutive matrices for the plates of the L bracket structure.
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From the results presented in Tables 4-6, it can be seen that the
increase in the values of the C1133, C2233, C3333, C1313, C2323 of the C
matrix with increase in the Axs. It is clear that the stiffness values in the
direction 3 of the coordinate system for the RVE of the vertical plate are
influenced with variation of Axs until its value equal to thickness (t) of
the plate. Further increase of Ax; above the thickness of the plate does
not affect the constitutive matrix, as seen that the element of C matrix
in Table 6 are same for Ax; = t and 2t. The stress contours of the RVE
with Ax; = t subjected to different strains are shown in the Fig. 8.

The elastic moduli can be calculated using Eq. (3) for the ortho-
tropic constitutive matrices presented in Tables 4-6. The variation in
the elastic moduli of the material of the 3D printed vertical plate for
different dimensions of Axs of RVE are shown in Fig. 9. The elastic
moduli such as E3, Gy3, Ga3, v13 and v,3 values are improved with in-
crease of Axs until it equals to thickness of the plate. So it is clear from
this study that the selection of Ax; of the RVE for homogenization of the
material of the plate printed in upright orientation is important in de-
fining the constitutive matrix of the plate. Furthermore, the constitutive
matrices of the horizontal and vertical plate presented in the Tables 1
and 6 are not same due to their build orientation in the structure. It can
be noted that the constitutive matrix computed from RVE of Ax3 =t
and also 2 t is transversely isotropic constitutive matrix, where two of E,
G and v are same. In all other cases, the constitutive matrix is ortho-
tropic. That means the thickness of the plate printed in upright or-
ientation can change the constitutive behavior of the plate, i.e ortho-
tropic to transversely isotropic. The constitutive material behavior of
the parts printed with edge build orientation would be similar to that of
parts with upright build orientation, since layers deposition is across the
thickness of the part in both case.

Now consider the finite element modeling of 3D printed L bracket
structure for stress analysis. Two dimensional finite element mesh on
the mid-surfaces of the plates of the structure, shown in Fig. 10, is used
for stress analysis. The constitutive matrix of the plates is considered to
account for their material behavior during the analysis. The effective
constitutive matrix of the plates is chosen based on their build or-
ientation and thickness for design and analysis of the structure sub-
jected to different loads. The Table 7 presents the constitutive matrix of
the plates of the L bracket structure based on their build orientation and
thickness.

5. Conclusions

The constitutive material behavior of the different parts of 3D
printed structure is not the same and the behavior depends on the build
orientation of the parts of the structure. The material behavior of parts
of the structure printed in flat build orientation can be characterized
using laminate constitutive relation during the stress analysis of the
structure. The parts of the structure printed in upright and edge build
orientation cannot be characterized using laminate theory. The material
behavior of the parts with such build orientations is orthotropic and
therefore, constitutive relation of orthotropic material is employed for
characterizing their behavior during the analysis of the structure.
Although an isotropic filament material is used for printing the struc-
ture, the final constitutive behavior of the part is not same as original
filament material. Then the computation of the constitutive matrix of
the printed parts using numerical homogenization technique is

Parts of structure Horizontal Vertical plate

Build orientation Flat Upright

Thickness, t mm 4 0.5 1.0 2 4 8
C matrix Table 1 Table 3 Table 4 Table 5 Table 6

Behavior Laminate Orthotropic Orthotropic Orthotropic Transversely isotropic
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presented. The constitutive matrix of the parts of the structure oriented
differently are computed. Furthermore, influence of build orientation of
the parts of the structure on the constitutive material behavior is in-
vestigated. The computed stiffness values of constitutive matrix from
the analysis is different for upright and flat build orientation of the part
of same thickness. It is revealed that the thickness of the part printed in
upright and edge orientation also influence its constitutive material be-
havior. It was found that with increase in thickness of the part printed
in upright and edge build orientation their material behavior changes
from orthotropic to transversely isotropic. So, it is very important to
consider final constitutive material behavior of the parts of the 3D
printed structure with different build orientations for effective design
and analysis of the structure.
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