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ABSTRACT

Polymer composites produced by additive manufacturing techniques such as fused deposition modeling
(FDM™) do not have an established failure criterion due to the complexities of the material deposition
during printing. Material anisotropy is one of the key modeling issues. Current research on failure
mechanisms focuses on 2-dimensional (2D) dogbone samples, whereas our focus is on functional
3-dimensional (3D) engineering components. This project employs finite element modeling and
mechanical testing of an engineering component produced by additive manufacturing using
thermoplastic fiber filled materials.

The project investigated the design of an actuation lever for a gas turbine engine. Using topology
optimization techniques, several candidate geometries were generated with an optimized stiffness to
weight ratio. Progressive damage and finite element analysis were conducted to assess material
selection and candidate design geometries. Finite element simulations enabled evaluation of stress
levels and overall lever deformation given anisotropic material properties.

A multilinear hardening model was used to capture both elastic and plastic behavior of the lever after
large deformation of the orthotropic material. The Hill yield criterion was used to accommodate the
orthotropic material strength properties. The tensile, compressive, and shear stresses were simulated
and compared with published values for the corresponding axis/plane to determine any likely failure
mode. This investigation incorporated progressive damage analysis in a similar manner to accommodate
plastic yielding at locations of high stress. The stiffness of each failed element was reduced to zero in the
finite element simulations, and its influence of such failures on the surrounding elements was examined
through iterative calculations with increasing load.

Quasi static load testing of the lever on a tensile testing machine was compared to the finite element
analysis. The failure locations between analysis and test correlated well; however, the predicted load
capability was only approximately 70% of the test result.
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1 INTRODUCTION

Traditionally many gas turbine actuation components are manufactured from stainless steel. It is
desirable to use lighter weight materials for these components such as polymer composites. There are
many conventional polymer manufacturing processes that could be used for these components but the
intent of this study is to evaluate the feasibility of using additively manufactured polymers. One of the
many challenges of polymer composite additive manufacturing is the anisotropy of the material,
specifically when using fused deposition modeling (FDM™), the material is highly anisotropic. This
makes it challenging to establish a clear failure criterion and predict the failure mode and mechanism of
a component. This can be attributed to the complexities of the material deposition during printing,
material anisotropy being one of the modeling issues. Current research on failure mechanisms focuses
on 2-dimensional (2D) dogbone samples to follow ASTM standards of testing [1], while this project’s
focus is on functional 3-dimensional (3D) engineering components. This paper focuses on finite element
modeling and mechanical testing of an engineering component produced by additive manufacturing
using thermoplastic fiber-filled materials.

2 MATERIALS AND METHOD

An actuation lever used in gas turbine engines was redesigned for additive manufacturing by the
University of Toronto PWC2 Capstone team, and is the 3D component being tested in this research. The
lever translates linear motion from a pin, which is mounted on an actuating ring, to the vane stem in
order to rotate a compressor vane. This project aims to find a material and geometry for that lever, and
then numerically simulate its performance; this will then be followed by physical testing to verify the
performance.

2.1 Materials and Geometry

The materials selection process utilized the CES EduPack database [2] in combination with market
availability research and concluded Antero 840CNO3 as the final recommended material. The advantages
of Antero 840CNO3 are low density, high strength, and capability of working in a high temperature
environment with exposure to aviation fluids [3][4][5][6][7]. From the manufacturing perspective, Antero
has a reasonable raw material cost, printing time, and purchasing price for the printer [8][9]. Fused
deposition modeling (FDM™) is the chosen manufacturing technique because its printers/printed parts
are widely available and there is significant research on FDM™ material testing [10].

The lever geometry was designed by optimizing material distribution by utilizing topology optimization
simulations in SOLIDWORKS 2020 [11], resulting in the following final geometry, depicted in Figure 1. The
rectangular vane stem hole on the left and the circular pinhole on the right were designed to mate with
existing engine components.

Figure 1. Resulting CAD model of the final lever design.
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2.2 Numerical Simulations

Numerical simulations using Antero as the material choice were conducted to predict failure load and
locations. The numerical simulations were performed using ANSYS 2021 R2 student version [12]. The
material properties were inputted as orthotropic values to simulate the properties of the component
when printed on the x-y plane. The inputted values were obtained from published data retrieved from
both FDM™ manufacturers and published research papers [4][5][6][7][13]. In addition to the material
properties, a multilinear hardening model was used to capture both elastic and plastic behavior of the
lever after large deformation of the orthotropic material. The Hill yield criterion was used to
accommodate the orthotropic material strength properties.

ANSYS finite element modeling was set up to simulate the scenario that the vane is jammed and refuses
to rotate. Therefore, fixed supports were applied at the four faces of the vane stem, implying that the
vane stem is rigid and not allowed to translate or rotate. A bearing load was applied at the inner faces of
the pin hole in the positive y-direction (Figure 2). The bearing load was chosen since it could distribute
the force to the cylindrical surface in the radial direction with a magnitude proportional to the cosine of
the angle of the face normal to the load direction [14]. The magnitude of the applied bearing load is 10
times the normal service load.

[A] Fixed Support
[B] Bearing Load: 75. Ibf

BEARING
LOAD

Figure 2. Fixed support and bearing load.

Mesh conditions were set to obtain accurate results while minimizing computational efforts. A global
mesh size of 0.02” was used. A technique of contact sizing to 0.01" was applied to the contact region
between the vane stem hole and the vane stem to simulate their interference more accurately. The
contact type between the vane stem hole and the vane stem was set to be frictional, which allows the
faces of the vane stem and the vane stem hole to separate and slide past each other with a friction
coefficient of 0.25. Figure 3 shows the final mesh result with 48168 mesh elements in total.

Figure 3. Selected mesh.
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Progressive damage analysis was performed to show material performance. Progressive damage analysis
is capable of evaluating how damage will progress through the lever as the load is increased [15].
Following the maximum stress damage initiation criteria, an element is assumed to fail once any one of
the stress components exceeds the material strength limits [16]. These limits were defined as the
orthotropic strength of the material, that is, tensile, compressive, and shear strength in three orthogonal
directions or planes. The “instant stiffness reduction” model is chosen as the damage evolution law.
Specifically, once the stress reaches the damage limit, the material stiffness will be reduced to a
user-specified value to simulate failure [17], [18]. In this case, it is assumed that for both fiber and
matrix, the stiffness will instantly be reduced to zero in both tensile and compressive loading modes
when the element fails. Through the progressive damage analysis, one could evaluate the damage status
of each mesh element, examine the damaged areas and the progression pattern, and determine regions
with a high likelihood of failure with an increasing load. The FEA was also used to determine the lever’s
deflection behavior at different loads by a Load/Deflection analysis. This was done to predict the
maximum amount of deformation the part can endure before failure.

2.3 Physical Testing

The levers were manufactured by Fused Deposition Modeling (FDM™) using Antero 840CNO3. The
manufacturer of both the Antero material and the levers tested is Stratasys using their Fortus 450
machine [19]. The levers were printed on the X-Y plane with 100% in-fill, 0.01 in (0.25 mm) layer height,
and approximately 0.02 in (0.5 mm) layer thickness. The levers were then tested on a 30 kN tensile
testing machine with custom-designed fixtures (Figure 4). The test was designed to resemble the
in-service loading condition of the lever. The lever was fixed by a rectangular metallic bar that is inserted
in a rectangular slot on the lever and held in position by a fixed fixture. The rectangular bar suppresses
the movement of the lever along the Y and Z axes and rotations about all three axes, allowing translation
only in the x-direction.

Motor Pin
Fixture Top

Gripper

Substitute )
Vane Stem Vane Stem

Fixture M‘ ‘ N Substitute

Motor Pin
/ Bottom

Gripper

Figure 4. Testing rig assembly.

On the opposite end of the rectangular slot, a circular pin is inserted in a hole on the lever and is pulled
upwards simulating a cantilever bending. All tests consisted of the lever being pulled until failure, as
shown in Figure 5. The force and displacement results were recorded for each test in order to compare
the failure loads and deformations of the physical results to the ANSYS results.
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Figure 5. Diagram of testing scenario.

3 RESULTS AND DISCUSSION

3.1 Numerical Simulations

Based on the progressive damage analysis result shown in Figures 6 - 11, it can be seen that significant
damage progression occurs between 90Ibf and 120Ibf. Since numerical simulations are ideal, it is very
probable that the parts will fail at lower loads due to imperfections in the testing process or
manufacturing defects. Damage is first seen to progress past vane stem corners at 75 Ibf where it is
increasingly likely that cracks will propagate and cause damage at an earlier load in physical testing.
Therefore, it is assumed that parts may fail at loads between 75Ibf and 90Ibf.
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Figure 6. Damage status at 45Ibf: full part (left), cross-section (right).
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Figure 7. Damage status at 60Ibf: full part (left), cross-section (right).
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Figure 8. Damage status at 75Ibf: full part (left), cross-section (right).
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Figure 9. Damage status at 90Ibf: full part (left), cross-section (right).
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Figure 10. Damage status at 105Ibf: full part (left), cross-section (right).
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Figure 11. Damage status at 120Ibf: full part (left), cross-section (right).

The Load/Deflection analysis of the lever was numerically simulated with loads up to the predicted
failure load established by the Progressive Damage analysis. The results of the analysis are represented
in the graph below (Figure 12). Note that in the graph, the force has been represented in Newtons (N) as
opposed to pound force (Ibf). Due to limitations of the version of the simulation software that was used
to conduct this analysis, the simulation was completed with loads only up to 70lbf (~300N). Despite this
limitation, it can be observed that the lever is capable of significant deformation in relation to its size

before failure. Based on the results of the Progressive Damage analysis, it can be predicted that the part
can deform up to 8mm before failure.
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Figure 12. Load/Deflection Curve
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3.2 Physical Testing

The physical tests consisted of testing 9 levers made of Antero 840CNO03, the proposed material, and
printed in the proposed geometry. Figure 13 contains the load-deflection curves for the Antero 840CN03
levers. The results for this test show great variation: four levers failed prematurely before the expected
peak, four levers reached a peak and then a relatively constant load for 5-12 mm of additional
deformation, and 1 lever failed between those two extremes. The variation in the test results is believed
to be due to printing defects and variation in the printing parameters of the levers causing some
premature failures. Despite this variation, all levers followed a somewhat similar curve pattern. The
levers that were able to reach a peak and maintain a constant load suggest that Antero may have high
toughness. This could be confirmed by further physical testing.

Test 2: Antero 840CN03 Orignial Geometry Load/Deflection Curves
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Figure 13. Antero 840CNO03 load/deflection curves.

Table 1 contains a summary of the average physical test failure loads compared to the ANSYS predicted
failure loads. It is evident that the physical results are about 25 Ibf lower than those predicted by ANSYS.
This was not unexpected, as ANSYS simulations are idealized solutions that do not take into account the
variation and defects found in FDM™ printed parts. It is important to note that the Antero average is
lower than expected due to the four levers that failed prematurely; most likely due to printing defects or
FDM™ related factors. When looking only at the 5 levers that did not prematurely fail, the average
failure load is about 60 Ibf. The large variations and inconsistency found in FDM™ printed parts imply
that further testing is required to make any solid conclusions.

Table 1. Failure load results summary.

Material Levers Physical Test Average Failure | ANSYS Predicted Failure
Tested Load (Ibf) Load (Ibf)
ANTERO 840CNO03 9 51.4 75

Table 2 contains a summary of the average deformations in the y-direction at failure compared to the
ANSYS predicted deformations at the same failure load. It is evident that the failure load deformations
for the physical results featured deformations approximately 1.6 times higher than what was predicted
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by ANSYS. This observation is not completely unexpected knowing that ANSYS cannot take into account
external factors that would increase the deformation of the levers, such as printing defects due to
FDM™ 3D printing technology and the play introduced due to the inconsistency in machining the vane
stem hole. ANSYS does not take into account the fact that Antero is reinforced with carbon nanotubes,
which contribute to ductility [20], and instead looks at the homogeneous material properties. As a result,
the deformation predicted by ANSYS is not as high as one would expect, where the reinforcements in
Antero would suggest that it could withstand greater deformation. As a result, the Antero specimens
were able to maintain a high load for several mm of deflection (Figure 13).

Table 2. Failure deformation results summary.

Material Levers Physical Test Average ANSYS Predicted
Tested Deformation in Y (mm) Deformation in Y (mm)
ANTERO 840CNO3 9 12.0 7.3

ANSYS simulations predicted the fracture locations on the levers to be the bottom right corner and top
left corner of the rectangular slot due to high compressive stresses introduced. These fracture locations
were seen in the Antero levers that managed to reach and then maintain a peak load (Figure 14a);
however, the levers that failed prematurely featured unexpected fracture locations (Figures 14b-14c).
These results further support the conclusion that defects, layer separation, and layer lamination issues
may have been present in the manufactured test specimens. It was found that the edge next to the
rectangular slot on the levers would fracture prematurely due to the thin dimensioning, causing the 1-2
layers to snap easily. As a result, it is suggested that the edge should be thickened to increase the
number of printed layers and avoid this issue.

a) | Sain- L2 b)

Figure 14. Antero 840CNO3 failure locations.

Figure 15 contains images of the tool path the FDM™ machines would print the levers with. ANSYS is
incapable of considering this anisotropic 3D-printed tool path or potential manufacturing defects, and
rather models a part as a solid object with orthotropic properties. As a result, the intricacies of the tool
path are not factored into the simulation and are simplified.
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Figure 15: FDM™ tool path for Proposed Lever

4 CONCLUSION

Several conclusions, possible sources of error, and suggestions for next steps were determined when the
physical test results and ANSYS results were compared. It was found that the physical testing results vary
from the ANSYS simulated results. It is evident that ANSYS predicted better results than what was seen
during physical testing, where deformations were predicted to be lower, failure loads to be higher, and
stiffness to be higher. It was expected that ANSYS would simulate the levers to have better properties
than what was seen in physical testing. In reality, there are additional factors that impact the results that
are not taken into account by ANSYS. Furthermore, the simplifications and assumptions used in ANSYS
engineering data input could also impact the accuracy of the results.

ANSYS is not capable of capturing the variations of FDM™ printing, such as printing defects or printing
parameters. Some or all of the levers could have had printing defects (e.g. voids) that caused the levers
to fail at different loads or behave differently when deforming [21]. Because the materials are printed in
layers, it is easier for layers to separate or fail if any defects or voids are present [21]. Another important
consideration that causes variation in the results is ANSYS’s inability to correctly model the FDM™ tool
path of the lever, where in ANSYS the lever is modeled as a solid part divided into mesh elements.
Finally, variations in the testing results due to the test setup are possible, including variations due to the
fixture placement in the tensile machine as well as changes in the machine setup between tests.

To further enhance the validity of the results, it is recommended to gather more information from
experimentation, expand the research beyond FDM™, and modify the testing equipment and
procedure. For finite element analysis, there was limited information on the material properties. One
would suggest printing samples in the specific printing orientation required and then test the mechanical
properties to obtain orthotropic results. For example, ASTM D638-14 outlines a standard test method for
tensile properties of plastics [22]. Another suggestion is to explore less anisotropic modes of 3D printing
such as SLS to lower the variability in physical results. For the physical testing, clear panes of the fixture
are recommended to visually see how the lever fails in real time. Also, a variation of force rates and force
intervals would show how the damage progresses over time in physical testing compared to FEA. Overall,
more specimens and more tests are required to reach definite conclusions.
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