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ARTICLEINFO ABSTRACT

Article history: The application of Fused Deposition Modeling (FDM) is restricted due to limited information about
Received 25 July 2021 the mechanical properties of printed parts. Therefore, it is required to determine the mechanical
Accepted 11 December 2021 properties of the FDM properties to avail the full benefit of the FDM process. In the present study,
ﬁvgleit;l:qg:rh;gﬂ Classic Laminate Theory (CLT) has been employed at the different configurations of layer thickness

and raster width. The required elastic constant of material for CLT has been experimentally obtained

K ds:
Fs);g:]e;osmon Modeling through FDM printed Polylactic Acid (PLA) unidirectional specimens at 0°, 45° and 90° for different

Classic laminate theory combinations of layer height and raster width. For these different combinations of layer height and
Raster angle raster width, constitutive models were developed to predict the tensile properties of the PLA parts.
Layer height Tensile strength of the FDM printed bi-directional specimens has been experimentally obtained to
Raster width validate the proposed CLT model results. The experimental tensile strength data is in good agreement

Tensile strength with the data predicted by the proposed CLT model. Higher tensile strength and modulus were

achieved with 0° raster angle compared to 90° raster angle. In the case of a bi-directional printed
specimen, higher tensile strength was obtained with 45°/-45° raster angle followed by 30°/-60° and
0°/90° raster angle.
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1. Introduction

Additive Manufacturing (AM) technique fabricates complex parts layer by layer using computer-aided (CAD) data. An
additive manufacturing technique was used to develop industrial prototypes. Recently, AM technique has been significantly
enhanced and its applications have been extended to the production of end-use parts. It is necessary to investigate the
mechanical properties of the manufactured part to make sure that it meets the mechanical strength requirements for the desired
application. The strength and elastic behavior of the AM built parts differ from the raw material due to the layer-by-layer
deposition and layer orientation during layer upon layer deposition. The AM produced parts can only be used if their
mechanical properties are known and taken into account during the designing of parts depending upon process parameter
selection. However, the prediction of the mechanical properties of the 3D printed parts under a real set of working conditions
is one of the critical issues that need to be addressed. Hence, it is required to apply an existing appropriate theory that can
estimate the mechanical behavior of a printed part (Alaimo et al., 2017; Xia et al., 2019).

Fused Deposition Modeling (FDM) is one of the most widely used AM processes that can produce polymer prototypes and
functional end-use parts. In the FDM process, polymer filament is heated to its melting temperature and then extruded through
a heated nozzle, depositing material as raster on the heated bed in a layer. After one layer printing, the heated bed moves in a
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downward direction by a layer thickness to print another layer on the previously deposited layer. Thus, all the FDM printed
parts consist of rasters and layers. The adhesion between adjacent rasters and layers depends upon thermal diffusion during
the solidification of the semi-solid extruded raster. The bonding strength between the layers and adjacent rasters governs the
final strength of FDM printed parts that is dependent on the liquefier dynamics and on melt deposition and solidification. The
bonding strength is ruled by printing process parameters and characteristics of the materials used in printing. Generally, it
first prints the boundary known as the outer perimeter and after that infill of the layer as either a solid layer or infill pattern in
the layer. The infill structure is defined by the filament deposition strategy and build process parameters. Raster width, layer
height, air gap, raster angle, and print temperature are some of the critical process parameters that can influence the infill
structure (Rajpurohit & Dave, 2018, 2019; Ameri et al., 2020, 2021; Zhou et al., 2017).

The mechanical properties of composite material can be predicted using the Classic Laminate Theory (CLT). The
mechanical properties of the conventional material are homogeneous and isotropic. In contrast, the mechanical properties of
the composite material are often heterogeneous and orthotropic. To predict the mechanical properties of composite structure,
the CLT is used in which mechanical properties are defined as a function of the stacking sequence and the presence of other
material in each layer (Jones, 2014; Kaw, 2005). The FDM fabricated part is identical to the laminated polymer composite,
wherein the part is manufactured by the addition of layers or laminates layer-by-layer.

In recent times, several researchers have applied the CLT and analytical model to characterize the mechanical strength of
printed parts. Sugavaneswaran and Arumaikkannu (2018) used the CLT to assess the mechanical properties of additively
prepared multi-material parts. They also observed higher tensile strength for cross-ply laminates, higher flexural strength for
quasi-isotropic laminates and higher shear strength for angle ply laminates. Alaimo et al. (2017) used CLT to derive the
mechanical strength of FDM processed parts at various fiber cross-sections. They reported that at 0° raster deposition, the
tensile strength (UTS) decreases with an increase in filament cross-section. On the other hand, at 90° raster deposition, UTS
increased with increment in filament cross-section. Elastic modulus increased with increment in fiber cross-section for both
0° and 90° raster deposition.

Casavola et al. (2016) examined the orthotropic mechanical properties as a function of the stacking sequence using CLT
for the FDM processed part. The variation in CLT and experimental results was 1.07% for ABS and 5.37% for PLA. Li et al.
(2002) assessed the mechanical properties for orthogonal ply test specimens using CLT. They observed a maximum of 7.1%
deviation between experimental and CLT predicted elastic modulus. Song et al. (2017) reported that specimens tested out of
the plane direction displayed brittle behavior and displayed more ductile when tested in-plane direction. Croccolo et al. (2013)
derived an analytical model to assess the strength and stiffness of the printed part based on perimeters deposited around the
part edge. Rodriguez et al. (2001) studied the mechanical properties of FDM based ABS parts with different mesostructure.
They reported that FDM produced parts had elastic modulus ranging from 11 to 37 % and tensile strength is 22 to 57 % lower
than ABS filament. Huang and Singamneni (2015) assessed the effect of mesostructure resulting from variable processing
conditions on material properties using the experimental and analytical methods. Tensile strength and elastic modulus were
decreased with increment in raster angle. Kulkarni and Dutta (1999) studied the part stiffness resulting due to different
deposition strategies in the FDM process. They reported that a part printed with 0°/90° raster path yields the optimum part
stiffness. Zou et al. (2016) studied the elasticity and yielding behavior of FDM processed ABS. They established a constitutive
model to determine the relationship between elastic constant and raster angles. Rodriguez et al. (2003) examined the tensile
properties of FDM processed ABS for mesostructure configuration. They observed that elastic modulus was lower by 11 to
37% and strength lower by 22 to 57% compared to ABS filament. Somireddy and Czekanski (2017) used CLT to estimate the
mechanical properties of the FDM processed laminate. They reported that results obtained using classic laminate theory and
experiment results were in good agreement.

On the other hand, several researchers carried out an experimental study to understand the effect of the build parameters
on the tensile properties of the FDM printed parts. Rankouhi et al. (2016) reported that parts having smaller layer thickness
displayed better tensile strength. Ahn et al. (2002) suggested that layers should be printed along the loading direction with a
negative air gap to enhance the tensile strength. Durugan and Ertan (2014) studied the influence of rater and build direction
on the mechanical properties of FDM parts. Parts printed horizontally at 0° raster orientation have better mechanical strength.
Garg and Bhattacharya (2017) carried out an FEA analysis of FDM parts. FE analysis indicated that at 0° raster angle, strain
at fracture and elongation increases with increment in layer height and tensile strength is reduced with an increase in the layer
height. Garg et al. (2019) examined the influence of raster angle on tensile and flexural strength of 3D printed specimens.
Tensile and flexural strength was highest for parts printed at 0° raster orientation compared to those printed at 90°. Sood et
al. (2010) reported a smaller raster angle, negative air gap, and smaller layer height, resulting in higher mechanical strength
of the FDM part. Akhoundi et al. (2019) assessed the influence of infill patterns on the tensile and flexural strength of FDM
processed parts. Higher mechanical strength can be obtained with a concentric pattern and higher infill density. Somireddy et
al. (2019) assessed the mechanical behavior of FFF printed bi-directional laminates. They found that the lamina layup
sequence and layer height significantly affect the tensile properties of FFF laminates. Bellini and Guceri (2003) carried out
the mechanical characterization of FDM fabricated parts. The mechanical strength of the FDM part was mostly dependent on
building direction and infill strategy. Dave et al. (2021) studied the influence of infill strategy on the tensile strength of FDM
parts. They observed that part in horizontal orientation with the concentric pattern exhibited better strength. Zhou et al. (2020)
investigated the bonding effect of different polymer blend materials in the FDM process. They observed a linear relationship
between porosity and bonding strength. Shanmugam et al. (2020) evaluated the fatigue properties of the 3D printed polymeric
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materials. They reported that defects and voids should be considered in the optimization of the FDM process as they are
responsible for the stress concentration. Khosravani et al. (2020) suggested that defects, surface roughness, anisotropy and
the similarity between actual components and specimens must be considered for the fracture characterization of 3D-printed
materials.

It can be seen that FDM parts have anisotropy in the mechanical properties, even if the raw material is isotropic. The
mechanical properties of the printed part are significantly influenced by layer height, raster width, part orientation, raster
deposition, the gap between rasters, etc. Aforementioned literature shows that CLT is explored to predict the tensile strength
of the FDM part as a function of the raster deposition, however capability of the CLT model to predict the tensile strength at
the different mesostructure combination (i.e., a different combinations of layer height and raster width) is still unrevealed. In
this study, the development of a constitutive model has been attempted to predict the tensile properties with respect to various
deposition sequences at the different configurations of raster width and layer height. The effect of the various configurations
of raster width and layer height on the elastic constant required to develop a constitutive model has also been investigated.
Initially, to apply CLT, unidirectional laminate has been printed and tested to obtain modulus of elasticity of printed laminate
at the different configurations of layer height and raster width. Further, the classic laminate theory has been employed to
estimate the tensile properties of FDM laminate and it has been validated using experimental results of FDM specimens with
bi-directional raster depositions.

Section 2 includes a detailed description of the classic laminate theory (CLT) reported in the literature (Jones, 2014; Kaw,
2005; Somireddy and Czekanski, 2017). A method of estimating an elastic constant to be incorporated in the CLT is described
in section 3. Correspondingly, the effect of mesostructure on the elastic constant for CLT and results obtained through CLT
are discussed in detail in section 4. The summary of the present work is outlined in the last section.

2. Classic Laminate Theory (CLT)

CLT is a predictive tool used to analyze the coupling effect, which may occur in composite laminates. With the help of
CLT, it is possible to predict strains, displacements, and curvatures generated within the laminate as a function of mechanical
loading. Since FDM printed parts similar to laminate structures, they can be evaluated by the CLT (Jones, 2014; Kaw, 2005;
Somireddy & Czekanski, 2017). The constitutive relation for a lamina is as follows:
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The resultant force and moment per unit width in the laminate with N numbers of layers are written as

Nxx O-xx

h/ e+l
N,=[ o, ZJ 2 (N} = ZJ {o}d: @
ny o, rxy
MXX O-xx N O-xx N

hi2 Iy I
M =] 1o, dzzg fm c, dz,{M}:; Lk [0} zdz 3)
Mxy o, N 7, -

Using Egs. (1-3) we have,

{N}zg[g}][ Ji ey [ )| @
{N}=[4l{e"}+[B]{k} )



16
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where /N is the normal force per unit width in the x-direction,

N, 4y 18 the normal force per unit width in the y-direction,

N v is a shear force,

M __ is the bending moment yz plane,

XX

M 1y 18 the bending moments in the xz planes, and

M x i the twisting moment.

Matrix [A] denotes the in-plane stiffness, matrix [B] denotes the bending stiffness coupling and [D] denotes the bending
stiffness. The matrices [A], [B], and [D] can be written as follows:
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In the case of symmetric laminate, there is no extension bending coupling because of the coupling matrix [B] = 0. Then,
the strains for a symmetric laminate are given from equation (4) as
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In the uniaxial tensile test, the tensile loading is parallel to x-direction of laminate for laminate thickness h, then the in-
plane forces for this load case become N =hO'xx , N ,y = 0and N 4 = 0. The stress-strain relation for the uniaxial tensile

testisO,, =E_g° , using these relationships the modulus of elasticity in the x-direction is determined as follows
1
E, =t—7=- 12
T lat]n (12)
To determine £ of the laminate, it is necessary to have the lamina’s elastic modulus such as £, E,,G,, and U,.

The laminate consecutive equation is expressed as follows:
N A Bl|e°

= 13)
M B D||«x

For a test specimen in tension only non zero elements of N and M is N x - Thus, equation (13) is simplified to
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The strain is computed as
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3. Elastic Constant Estimation

An FDM based 3D printer (as shown in Fig. 1) equipped with marlin firmware and a nozzle with a diameter of 0.4 mm
was used for the fabrication of the test specimen. Four printing parameters (scan speed, No. of perimeters, % infill and infill
patterns) were held constant during the fabrication of test samples and are listed in Table 1. The bed temperature was set at
70 °C and the nozzle temperature at 210 °C for PLA material. As discussed earlier, four elastic constants are required to
analyze an orthotropic lamina under plane stress. These properties can be obtained through the tensile test on the specimen
with a raster angle of 0°, 90° and 45° at the different configurations of layer height and raster width.

Fig. 1. FDM based 3D printer;

Longitudinal modulus of elasticity £, and poison ratio Vj, are determined using a longitudinal specimen (0°) and
transverse elastic modulus £, is determined using a transverse specimen (90°). Specimen with raster orientation 0=45°is

used to determine elastic modulus £, that is used to calculate the shear modulus of G, :

-1
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Eq. (17) was used along with other experimentally obtained elastic constants £, £, and V), to obtain the in-plane shear

modulus G, .
Table 1. Constant and variable parameter during 3D printing

Value
Fixed parameter Value Variable parameter Level 1 Level 2 Level 3 Level
4
Scan speed 50 mm/s Layer height (hr) (mm) 0.1 0.2 0.3 -
No. of perimeters 1 Raster width (wr) (mm) 0.4 0.5 0.6 0.7
% infill 100% Raster angle (6r ) (°) 0 45 90 -
Infill pattern rectilinear
2 b
50 | .32
57

115
180

Fig. 2. Tensile specimen as per ASTM D638 (all dimensions are in mm)

As shown in Table 1, twelve different configurations of layer height and raster width were considered and tested to
investigate the effect of the filament cross-section on tensile properties. For all the possible combinations of layer height and
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raster width, test samples were printed at the three different raster angles of 0°, 45° and 90° to obtain modulus of elasticity in
the longitudinal direction and transverse direction and shear modulus of the 3D printed specimens. In the present investigation,
ASTM D638 standard was selected to print the standard tensile test sample as depicted in Fig 2.

For tensile test fabrication, the first 3D model was created for test samples following ASTM D638 standard, using CAD
software. It is then exported as a STL file and subsequently loaded into slicing software. In slicing software, all the printing
parameters were adjusted and the set of printing instructions was exported as a GCode file. Then the GCode file was loaded
in an FDM based 3D printing machine to print the unidirectional FDM component. Unidirectional test specimens with 0°,
90°, and 45° raster orientations were fabricated to determine elastic constants at the different configurations of layer height
and raster width as discussed earlier. In order to compare the experimental and CLT results, specimens with 0°/90°, 30°/-60°,
and 45°/-45° raster orientation were also fabricated and tested for different configurations of layer height and raster width.

PLA specimens were tested at room temperature under displacement control on a Tinius Olsen HSOKL universal test
machine, with computer control and data acquisition. The displacement rate was set to 5 mm/min according to standard and
tested until failure occurred.

4. Results and Discussions

The result data were processed to determine the modulus of elasticity and the ultimate tensile strength. The tensile properties
for different configurations of layer height and raster width were determined experimentally and are plotted in Fig 3.
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Fig. 3. Tensile properties at different raster angle for different configuration of layer height and raster width (a) 0.1 mm
layer height, (b) 0.2 mm layer height and (c) 0.3 mm layer height

Fig. 3 shows that parts printed with a combination of layer height of 0.1 mm and raster width of 0.4 mm displayed higher
tensile properties and with a combination of layer height of 0.3 mm and raster width of 0.7 displayed lower tensile properties.
Lower layer height and raster width give a higher bonding area between adjacent raster and layers, resulting in higher bonding
strength between layers with a lesser amount of voids. Higher stiffness can also be obtained due to a larger bonding area
capable of withstanding a higher loading. It may be due to the fact that at lower layer height, higher extrusion pressure may
help to form a quick and strong bond that results in higher strength.

TM3030_1254 TM3030_1270

TM3030_1260 : - TM3030_1279
() (d)
Fig. 4. SEM images for fractured surface of test specimen at (a) 0.1 mm layer height- 0.4 mm raster width, (b) 0.1
mm layer height -0.7 mm raster width, (c) 0.3 mm layer height -0.4 mm raster width, (d) 0.3 mm layer height -0.7
mm raster width

Further, lower raster width time taken for printing is higher, allowing more heat dissipation that improves the diffusion
between adjacent layers and rasters and may result in a stronger bond formation. These resulted in higher tensile strength and
higher stiffness. At higher layer height and raster width, bonding area between layers decreases due to voids that result in
reduced bonding strength. The reduced bonding strength leads to a reduction in strength and stiffness of the printed part. It
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can also be noticed that at higher raster width, the effective bonding area was found to be decreased due to the number of
voids that reduce the strength and stiffness of the fabricated part.

Fig. 4 shows the fractured surface of the test specimen at the different configurations of layer height and raster width. It
can be seen that a higher bonding area is observed at 0.1 mm layer height and 0.4 mm raster width that help to achieve higher
strength. On the other hand, at a combination of 0.3 mm layer height and 0.7 mm raster width, a large number of voids and a
significant reduction in bonding area were observed, which might be a reason for a decrease in strength. The results confirm
that mesostructure is one of the critical aspects that can affect the tensile strength and modulus of elasticity of the fabricated
part.

From Fig 3, it is also depicted that higher tensile strength is achieved at 0° raster angle and it is decreased with increment
in raster angle. At 0° raster angle, all the layers are deposited parallel to tensile loading capable of withstanding higher loading
resulting in higher strength and stiffness. While at 90° raster angle, all the layers are deposited perpendicular to the tensile
loading. Tensile strength is dependent on the bonding between adjacent rasters in perpendicular layer arrangement, bonding
between rasters is always weaker than continuous fiber that is resulting in a lesser tensile strength. The stress-strain curve has
been obtained at varying raster angles as shown in Fig. 5 at different configurations of layer height and raster width. It can be
seen that specimens printed with 0° raster angle displayed ductile failure due to a significant amount of pulling and necking
of individual rasters during failure. On the other hand, at 45° and 90° raster angles, specimens displayed brittle failure. The
brittle failure took place through the bonding between the adjacent rasters that is always weaker than the monofilament, which
leads to abrupt failure with less or no elongation. In general, it can be stated that at 0° raster angle the printed part has a ductile
failure with little plastic behavior compared to the 90° raster angle printed part, which displayed brittle failure with no plastic
behavior. The results confirm that raster angle is one of the most important process parameters that govern the tensile strength,
modulus of elasticity and mode of fracture. Similar observations have also been reported by casavola et al. (2016) and
Somireddy and Czekanski (2017).
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Table 2. Elastic constant to be used in CLT at the different configuration of layer height and raster width.

Layer height 0.1 mm

Raster width 0.4 mm 0.5 mm 0.6 mm 0.7 mm
E 820MPa 757 MPa 886 MPa 749 MPa
E2 755MPa 721MPa 828 MPa 751 MPa
G, 187 MPa 334 MPa 335 MPa 294 MPa
Vi 0.34 0.34 0.34 0.34

Layer height 0.2 mm

Raster width 0.4 mm 0.5 mm 0.6 mm 0.7 mm
E1 648 MPa 761 MPa 779 MPa 737 MPa
E 651 MPa 532 MPa 737 MPa 844 MPa
G12 249 MPa 305 MPa 205 MPa 238 MPa
Vo 0.34 0.34 0.34 0.34

Layer height 0.3 mm

Raster width 0.4 mm 0.5 mm 0.6 mm 0.7 mm
E1 758 MPa 828 MPa 717 MPa 895 MPa
E2 762 MPa 773 MPa 643 MPa 638 MPa
G,, 288 MPa 272 MPa 244 MPa 177 MPa
Vi 0.34 0.34 0.34 0.34

Table 2 shows the elastic constant required to characterize the tensile properties of FDM printed parts. These constants
have been used as an input in the CLT model based on which tensile properties of specimens with 0°/90°, 30°/-60°, and 45°/-
45° raster angle have been predicted. Test specimens at 0°/90°, 30°/-60°, and 45°/-45° raster angle were printed at the different
configurations of layer height and raster width. Then after the tensile test was carried out to obtain tensile strength of the
printed specimens. Further, experimental results were compared with the results obtained through CLT calculation to validate
the CLT calculation. The calculated and experimental tensile strength results are plotted against the raster angle as shown in
Fig. 6 for all different configurations of layer height and raster width. In general, it is seen that experimental results are in
good agreement with CLT calculations. The tensile strength increases with an increment in raster angle for different test
conditions. It can be seen that the highest tensile strength is obtained at 45°/-45° raster angle followed by 30°/-60° and 0°/90°
raster angle. Higher tensile strength has been obtained at a combination of 0.1 mm layer height and 0.7 mm raster width. In
contrast, lower tensile strength has been obtained at a combination of 0.2 mm layer height and 0.4 mm raster width. It may be
due to a higher bonding area at 0.1 mm layer height and 0.4 mm raster width that help to achieve higher strength. On the other
hand, at a combination of 0.3 mm layer height and 0.7 mm raster width, a large number of voids and a significant reduction
in bonding area may be observed, which might be a reason for a decrease in strength. Casavola et al. (2016) observed good
agreement in CLT and experimental results. Somireddy and Czekanski (2017) also predicted the tensile properties with
different stacking sequences using CLT and found them to be in good agreement with experimental results. It is seen from
Fig 6 that the classic laminate theory results are comparable with that of experimental results and therefore the classic laminate
theory could be used to characterize the tensile behavior of the FDM parts.
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Fig. 6. Comparison between experimental and CLT calculated tensile strength for (a) 0.1 mm layer height, (b) 0.2 mm layer
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Fig. 7 shows the fractured surface of the test sample at various raster angles. At 45°/-45° raster angle, layers have been
deposited at 45° to the loading direction then the next layer deposited with a 90° increment to the previously deposited layer.
The bonding between the layer and within the layer is very effective, which increases the tensile strength of the part. The
tensile performance depends upon the quality of the bonding formation between the rasters as well as between the layers.
Tensile performance could be improved with higher quality of bonding between rasters and layers It can be seen that, for
0°/90° raster angle, half of the layers are deposited longitudinal to loading direction and half of the layers are deposited
transversely to the loading direction. Therefore, half of the layers have been pulled through the longitudinal direction, but the
remaining layers have been pulled through the bonding between adjacent beads, which lowers the strength of the parts. The
bonding area between the layers and within the layers is comparatively decreased due to presence of porosity, reducing the
strength of the printed part. The presence of the porosity has an adverse effect on the tensile performance of the printed part
as it may lead to catastrophic failure. Zhou et al. (2020) have also observed the reduction in the mechanical performance of
printed parts with the appearance of the porosity in the part.

TM3030_1287 x50 2mm TM3030_1289

(a) (b) (©)

Fig. 7. SEM image for the fractured surface of the test specimen at (a) 0°/90°, (b) 30°/-60° and (c) 45°/-45°

TM3030_1283
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5. Conclusions

In the present investigation, the effect of mesostructure configuration and raster angle on the tensile strength of FDM
printed PLA parts has been evaluated. Twelve different mesostructure configurations have been tested to investigate their
influence on the tensile properties of the printed part. Experiments were carried out at various mesostructure configurations
to find out the tensile strength and elastic modulus. Effect of the layer height, raster width and raster angle on the tensile
strength and elastic modulus of the printed parts have been investigated. Lower layer height and raster width help to achieve
higher tensile strength and elastic modulus. Moreover, higher tensile strength and stiffness are achieved at the 0° raster angle
due to parallel alignment of fibers while at 90° raster angle lower strength and stiffness are obtained. Elastic modulus obtained
through unidirectional FDM printed laminate was used as the input in the classic laminate theory. Further, Classic laminate
theory was applied to predict the tensile behavior of the FDM printed bi-directional specimens and the results obtained through
CLT calculation are validated using experimental results. Experimental tensile results are in good agreement with those
obtained by CLT calculations. Hence, the classic laminate theory (CLT) is able to predict the tensile properties of FDM
printed parts accurately.
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