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Abstract
The widespread use of Additive Manufacturing (AM) has been extensively progressed in the past decade
due to the convenience provided by AM in rapid and reliable part production. Fused Deposition Modeling
(FDM) has witnessed even faster growth of application as its equipment is environmentally-friendly and
easily adaptable. This increased use of FDM to manufacture prototypes and �nished parts is
accompanied by concerns that 3D printed parts do not perform the same as relatively homogeneous
parts produced by molding or machining. As the interface between two faces of bonded material may be
modeled by stress elements, in theory by modeling 3D printed layers subjected to tension at varying
angles as transformed stress elements, the stress required to break the layer bonds can be determined. To
evaluate such a relationship, in this study, the stresses calculated from stress transformation were
compared with the behavior of 3D printed specimens subjected to tensile loads.

1. Introduction
Additive Manufacturing (AM) has improved the traditional method of part production through elimination
of several inner-process manufacturing steps [1][2]. The layer-by-layer production fashion of AM can
fabricate parts with complicated geometries in a single-step process [3][4]. The ease of manufacture of
components produced by Fused Deposition Modeling (FDM) out of Polymers make them useful for rapid
prototyping and scale testing of mechanisms and structures prior to mass-production or large-scale
installation [5]. In addition, considering the process impacts on both user-safety and the environment, the
�lament format of feedstock material to FDM process is less hazardous than the other formats of
feedstock, such as powder in powder-based AM processes [6][7]. Prior to the advent of affordable FDM
technology, prototypes may have been manufactured out of polymers using injection molding, which is
both time-consuming and expensive on smaller scales [8][9]. FDM allows parts with complex geometries
to be rapidly manufactured cheaply, allowing designers to demonstrate and test the functionality of
certain arrangements of parts [10].

There is debate, however, as to the suitability of objects made using FDM as accurate representations of
their production counterparts, in the realm of either AM or traditional manufacturing processes [11][12]
[13][14]. As FDM necessitates forming polymer �lament into layers, the mechanical behavior under
loading of the object at the layer boundaries may differ from the bulk behavior of the polymer that the
part is composed of, making the part’s loading behavior anisotropic [15][16]. While many manufacturers
provide mechanical properties in the material speci�cations for their �lament materials, the extensiveness
of the documentation varies greatly in the tests performed and the print settings speci�ed. For instance,
while some �lament manufacturers list �lament’s mechanical properties without mentioning the test
standards or print settings, other manufacturers provide extensive documentation on test methods and
print settings. Due to the planar nature of FDM, these documentations are still of limited use, as the
relationship between the mechanical properties and the layer orientation is unclear. A mathematical
model is required for determining such relationship; the simplest representation can be the
transformation of a stress element.
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Experimentation has already been performed in the literature to determine the stress-strain behavior and
tensile strength of parts manufactured by FDM under certain loading cases. However, only the extreme
layer orientation angles were investigated. In this study, through examining the mechanical properties of
parts fabricated with FDM at different layer orientations, the stress transformations were used to derive a
stress-angle curve.

2. Materials And Methods
Stress transformations

An element of the 3D printed material at the layer interface may be represented by a 3D stress element,
and as the stress on the surface of the part σz may be neglected [17], it may instead be represented as a
plane stress element as shown in Figure 1a. When subjected to loads at varying layer orientations, the
stress element at the layer interface may be represented by a transformed stress element as shown in
Figure 1b, with the forces acting on the stress element represented by the free-body-diagram (FBD) in
Figure 1c.

As the test samples are considered to be in pure tension, σx and τxy may also be neglected, leaving the
stresses at the layer interface dependent on only the tensile stress σy and layer orientation θ in Equations
1 through 3.

The stress transformation approach may be validated by comparing the maximum tensile stress
developed at θ = 90° (tension normal to layers) to the transformed stress σx1 developed at the layer
interface for all other layer orientations. The validity of stress transformation will be veri�ed if σy at θ =
90° is equal to the transformed stress σx1 normal to the layer for all layer orientations tested.

 

Experimental Procedure
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Tensile tests were performed on specimens modeled and tested according to the speci�cations from
ASTM D638 [18][19]. Three test specimens per orientation were fabricated to evaluate the results’
repeatability. All test specimens were produced from 1.75 mm diameter PETG �lament using an Anet A8
3D printer with the following printing parameters: 240°C printing temperature, 60°C heated bed
temperature, 40 mm/s print speed, 1.2mm layer thickness, 100% in�ll density, and concentric in�ll pattern.
The test specimens were produced with printed material layers oriented from 0° to 90° in 15° increments,
measured from normal to the direction of tension. Tensile tests were performed with an Instron 3365
tensile testing apparatus. The specimens were a�xed between the grips of the tensile testing machine
with a distance of 115 mm between the grips as speci�ed in the ASTM D638, and they were tested under
motion rate 3 mm/s.

3. Results And Discussion
Unlike most polymers, which usually experience a large amount of yield and elongation before breaking,
most samples tested under the speci�ed parameters of this study displayed a brittle fracture. show the
various stress-strain pro�les of all of the test samples, grouped by the angle between the layer plane and
the load, in �gures 11a through 12e. While the loads of each sample’s failure were approximately equal,
the extension of the sample only reached just above 2.25 mm before failure, while the other two managed
to extend to 3.5 mm and 3.75 mm. Because the load at failure is the only variable being analyzed, this
does not imply that Trial 1 at 75° is an outlier.

Trial 2’s specimen at 60° failed at approximately half of the load and extension necessary to rupture the
other two trials. This load was therefore considered an outlier, and was not considered in calculations.
The behavior of the specimen in Trial 3 at 0° in Figure 3 was particularly noteworthy, because instead of
undergoing brittle fracture upon failure, it experienced ductile yielding with an elongation of over 28 mm,
and still did not experience complete separation. While its failure behavior was inconsistent with those of
other specimens, the failure load was consistent with the other specimens of the set, and thus the
strength of this particular sample was considered during calculation.

After obtaining the ultimate strengths of the samples at each layer angle, each set of ultimate strengths
was averaged and plotted against the layer Angle relative to the load in Figure 4.

Changing the angle reference from “relative to load” to “relative to the horizontal” axis for later use in the
stress transformation equations, these loads were used to �nd the tensile stresses, and both were plotted
in Figure 5.

Using Equation 1 to �nd the transformed stress σx’ normal to the layer interface and plotting against the
layer interface angle in Figure 6 revealed that the stress was not constant at any regions.

The remaining stresses σy’ and τx’y’ were calculated and plotted with σx’ in Figure 7.
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Realizing that rather than experiencing a single stress the layers were experiencing combined loading, the
maximum principal stress for each layer angle was calculated using Equation 4 and plotted in Figure 8.

This revealed that the maximum principal stress was the constant stress between all test specimens at
around 38 MPa, with the exception of the samples tested with layers printed at 75°to the load, which
consistently failed at much lower stresses.

4. Conclusion
In this study, Fused Deposition Modeling (FDM) Additive Manufacturing (AM) was used to fabricate parts
with different layer orientations. Through examining the mechanical properties of fabricated parts, the
stress transformations were used to generate a stress-angle curve. The stresses calculated from stress
transformation were compared with the behavior of 3D printed specimens subjected to tensile loads.
Based on the results, the initial hypothesis, that the transformation of a stress element could be validated
if the calculated transformed stress σx’ normal to the layer interface resulting from tensile tests was
constant, was disproven. However, this was the result of failure to consider the other stresses acting at
the layer interface rather than a fault in the principles of stress transformation, as the maximum principal
stress resulting from the combined calculated transformed stresses relative to the layer angle was
constant, regardless of whether the specimen experienced failure at the layer interface or within the layer
material. The notable exceptions to this were the specimens with layers 75° relative to the load. Noting
the more pronounced striations along the samples used in the 75° tests, it is possible that an
environmental factor during printing, such as temperature or humidity change, may have been
responsible for the degradation of the samples’ structural integrity, causing them to fail at much lower
stresses.
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Figures

Figure 1

(a) 3D and Plane Stress Element, (b) Stress Transformation of Plane Stress Element, (c) Transformed
Stress Element FBD.
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Figure 2

Stress-Strain curves obtained from samples with layers (a) perpendicular to the load, (b) 75°, 60°, 45°, 30°,
15°, and parallel to the load.
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Figure 3

Ductile failure of sample 3 taken at 0°.

Figure 4

Average Maximum Stress vs Layer Angle.
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Figure 5

Specimen Failure Load and Tensile Stress vs Layer Angle.

Figure 6

Transformed Normal Stress vs Layer Angle.
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Figure 7

Transformed Stresses vs Layer Angle.

Figure 8
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Transformed Principal Stress vs Layer Angle.


