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Abstract

PLA polymer is probably the most used thermoplastic material in FDM technology nowadays. Besides prototyping purposes, FDM
materials are also considered for functional application use, thanks to the fast fabrication of components, relatively simple
workflow, and the absence of material waste that this technology offers. Except for static material properties, data concerning the
expected lifetime and reliability of AM parts under cyclic loading are also necessary for functional purposes. Due to the exceptional
structural complexity of FDM parts, minor modifications in material testing must be used sometimes. The subject of this paper is
the fracture mechanics-based fatigue testing of CT specimens that results in crack kinetics description like the Paris’ law. One of
the objectives is also to describe the effect of SGs placed on the surface of CT specimens, and the effect of different layer heights.
The main intention of the SGs is to secure a straight crack propagation path, thus imposing the crack to follow the Mode I condition,
predominantly. A set of regular CT specimens and specimens with SGs was prepared with a full infill density interior and with
different layer heights (0.1 mm and 0.3 mm). Crack kinetics measured on these specimens are presented in this paper and discussed.
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1. Introduction

FDM is one of the most utilized AM technologies today and is based on the extrusion of a molten thermoplastic
material onto a build platform, thus creating a physical model in a layer-by-layer fashion. FDM materials are created
and shipped to customers in form of a round filament. Such filament is fed into an extruder mechanism on the FDM
machine, where it is heated above the melting point, and finally extruded onto a build platform, as described thoroughly
by Milovanovi¢ et al. (2020). Thermoplastic materials used in FDM are PLA, ABS, PET, etc. PLA has a significant
advantage over the other FDM thermoplastics, due to its natural origin and biodegradability (DeStefano et al. (2020),
Pawar et al. (2014), Ebrahimi et al. (2022)). Also, PLA is one of a few FDM thermoplastics that has been approved
by the Food and Drug Administration for commercial use (Petersmann et al. (2020)). Nowadays PLA material is used
for prototyping purposes and some functional applications where it should replace petroleum-based thermoplastics
(Farah et al. (2016)), but the most interesting research topic in which PLA is involved is its possible biomedical use.
Because of its biocompatibility and biodegradability, this material is still in research for potential applications, such
as bone scaffolds, stents, screws, etc. (DeStefano et al. (2020), Pawar et al. (2014), Ebrahimi et al. (2022), Petersmann
et al. (2020)). The possibility, that 3D-printed PLA is going to be used to make these, often load-bearing, mechanical
parts, requires knowledge about its capacity in terms of fatigue and fracture.

The FDM parts inherit various mechanical properties depending on the chosen technological parameters that can
be set for the manufacturing process, such as building direction, raster orientation, layer thickness, infill density, infill
pattern, extrusion and bed temperature, etc. In general, the mechanical properties of FDM parts are inferior to their
compression-molded counterparts and they have a strongly anisotropic character due to weak inter-layer bonds (Song
et al. (2017), Spoerk et al. (2017)).

Nomenclature

PLA  Polylactic Acid

FDM  Fused Deposition Modeling

AM Additive Manufacturing

CT Compact Tension (specimen)

SG Side-Groove

ABS  Acrylonitrile Butadiene Styrene

PET Polyethylene Terephthalate

Material constant in the Paris law

Material constant in the Paris law — the exponent
Width of a CT specimen [mm]

Initial notch length in the CT specimen (including a pre-crack) [mm]
CAD  Computer-Aided Design

R Cycle asymmetry ratio [-]

da/dN  Crack growth rate [mm/cycle]

Kimax  Stress intensity factor, max. value in the loading cycle [MPa-m

SSfAa

1/2]

The fatigue properties of FDM PLA in terms of S-N curves (or Woehler curves) were investigated in numerous
studies (Ezeh & Susmel (2018), Ezeh & Susmel (2019), Afrose et al. (2016)), considering various technological
parameters, to find the recommendations for the best possible outcome of FDM. To achieve the best mechanical
properties and to provide the higher lifespan of an FDM component, infill density must be maximized. According to
Jerez-Mesa et al. (2017) and Travieso-Rodriguez et al. (2020), the honeycomb infill pattern is the most beneficial for
fatigue life. This claim coincides with findings in the Tissue Engineering field by Zhao et al. (2018) and Hutmacher
et al. (2001). However, the highest structural response is influenced by layer thickness, i.e., final FDM parts have
overall better cohesion between layers with lower layer heights, because of greater layer contact and smaller air gaps
between them (Ezeh & Susmel (2019), Travieso-Rodriguez et al. (2020), Safai et al. (2019)). In addition to this
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statement, Gomez-Gras et al. (2018) claim that for the same nozzle diameter it is better to use lower layer heights to
improve adhesion between layers.

However, there are still scarce resources regarding fracture mechanical fatigue of FDM materials — i.e., description
of actual crack kinetics in terms of either linear-elastic fracture mechanics or elastic-plastic fracture mechanics.
Suitable information can be found for ABS (Alshammari et al. (2021), Azadi et al. (2021)), but for the PLA there has
only been one comprehensive work by Arbeiter et al. (2018), where fracture mechanical fatigue tests on CT specimens
were conducted. In this study, the material was near homogenous and isotropic thanks to parameter optimization
according to Spoerk et al. (2017). The crack kinetics were described using the Paris law (Paris & Erdogan (1963)),
obtained C and m values were merged for all fatigue-tested specimens and later used for lifetime estimation of an
actual FDM structural component (Arbeiter et al. (2020)).

This paper aims to broaden the knowledge about the fracture mechanical fatigue of PLA. Crack growth rate
measurements on CT specimens made of PLA under different printing conditions are described here. The specimens
were manufactured with a hexagonal infill pattern with different layer heights. The main focus of the study was to
investigate the role of a 3D-printed (not machined) SG in the actual measurements, because Valean et al. (2020)
reported that printed notches provided lower data scatter than conventionally milled ones, due to process precision.
Attention was paid also to the influence of different layer heights and the presence of voids on the applicability of the
Paris law.

2. Materials and Methods

Regular and SGed CT specimens were prepared according to ASTM D5045-14 (2014) for W = 50 mm. Only the
initial notch length a was not prepared according to the standard but it was reduced so that a/W = 0.35 to allow for a
longer crack propagation as in Arbeiter et al. (2018). Regular CT specimens were 62.5x60x10 mm in bulk, and SGed
CTs were 3 mm thicker. The SGs have a round shape, 3 mm in diameter, thus the minimal thickness of the SGed CT
specimens was the same as the overall thickness of regular CT specimens. CAD models were created in SolidWorks
software (Dassault Systémes, France). CT specimen dimensions and SGed CT specimen geometry are shown in Fig.
1.

side groove (SG)
\‘\
\
\
Tt 3 Qo m
10 62.5 13
regular CT side-grooved CT

Fig. 1. CT specimen 2D dimensions (Left); SGed CT specimen geometry (Right) — the geometry is the same as the regular CT apart from the
pictured SGs and the thickness.

All CT specimens were printed with the largest flat surfaces facing the build platform (Fig. 2-Left). Such flat-
oriented FDM parts are supposed to have the highest stiffness and strength values according to Gao et al. (2022).
Altogether, four batches were prepared, each containing four specimens. Two batches for the layer height of 0.3 mm
(one batch regular, one with SGs) and two batches for 0.1 mm. The printing of the specimens was done using the
hexagonal infill pattern, which resulted in a structure that contained regularly placed cavities. Although infill density
was set to be 100 % for all specimens, air gaps are present in raster-to-raster locations due to the oval shape of the
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material upon extrusion, and because those air gaps eventually widen shortly after the extruded material shirks toward
its center, due to material cooling.

Specimens were then prepared for the actual fatigue testing. Their surfaces were ground on a metallographic grinder
to make them smoother and to get rid of 3D printing surface textures. The detection of growing crack was going to be
done optically by cameras. This procedure requires a smooth surface without any distinctive features. Also, in the first
tested specimens, the front and back surface was sprayed with paint to try if the visibility of the crack gets better.
Later, it was concluded that the grinding procedure was enough to secure sufficient crack visibility. Pre-cracks were
machined using a metallographic sawmill of 0.4 mm blade thickness. The depth of the pre-crack was approximately
3-4 mm. The pre-crack length had to be longer than the outline thickness, as suggested by Milovanovié et al. (2022).
To make the experiments more precise, the total depth of the initial notch @, on both sides of the specimen, was
measured using a microscope with a measuring table.

Fracture mechanical fatigue testing was performed on an Instron ElectroPuls® E3000 machine (Instron®,
Norwood, MA, USA), with tests conducted at room temperature (Fig. 2-Right). The frequency of the load cycle was
set to 10 Hz with cycle asymmetry of R = 0.05. There are suggestions in the literature to carry out fatigue tests of
plastics at frequencies lower than 5 Hz (Safai et al. (2019)), because of the danger of hysteretic self-heating. However,
10 Hz is commonly reported as safe for the fatigue testing of PLA (Algarni et al. (2022), Ezeh & Susmel (2019), El
Magri (2021)). One camera was placed on each side of the CT specimen, to monitor the crack propagation. After the
conducted tests, fracture surfaces on CT specimens were examined by means of light microscopy using the Olympus
SZX7 stereo microscope (Olympus, Japan).

Fig. 2. Position of CT specimens on build platform (Left); Fracture mechanical fatigue testing setup (Right).

3. Results and Discussion

Fracture mechanical fatigue tests were first performed on the regular 0.3 mm CT specimens. Here, high structural
inhomogeneity was present due to the application of the highest layer height, i.e., the lowest layer resolution during
printing. The fracture surface of each CT specimen was observed using light microscopy (Fig. 3). In Fig. 3-Left, the
most distinctive regions are labeled with numbers:

e region I: nearly homogeneous outer layers, which cover the infill structure
o region 2: through-thickness holes in the infill structure
o region 3: the smooth surface of the pre-crack

Honeycomb structure was chosen as the infill type; thus, these through-thickness holes represent the interior of a
single honeycomb. The layers covering the infill structure, from both the bottom and top sides, are nearly
homogeneous and are usually manufactured with different raster orientations of the nozzle from the infill, as is the
case here as well. In Fig. 3-Right it can be seen that the cracks were propagating in multiple directions depending on
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the observed layer. In the surface layers, the direction was 45° and in the middle layers, which were printed in the
honeycomb pattern, it was 30°. Based on these conclusions, there is a limit to the interpretation of the data, i.e., the
followed crack was propagating mostly in the surface layers of the CT specimens, but that could be independent of
the honeycomb layers on the inside.
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Fig. 3. Fracture surface of 0.3 mm regular CT specimen: Top view (Left); Side view (Right).

The main issue with regular 0.3 mm CT specimens was that the crack did not propagate in the middle plane. This
creates a different kind of loading of the crack because instead of pure mode I (the opening mode) there is a mixture
of mode I and the shear mode II which leads to unreliable results, when interpreting the data as mode I fracture.

It was one of the reasons to apply the SGs which should force the crack to propagate in the middle plane by
increasing the constraint at the crack tip. As mentioned in the previous section, the SGs had a round shape, but when
it comes to AM preparation, surface features have to be “layered”, and as such, the SGs received a stepwise shape
(Fig. 4-Top). In the image, red lines show the borders of the lowest flat surface of the SG, at which the crack was
observed during fatigue testing. In Fig. 4-Bottom, it can be seen that, in the actual tests, the crack initiated from the
pre-crack and then continued to propagate behind one of the upper layers of the SG, which made it impossible to
observe it and measure its length.

Fig. 4. SG stepwise shape in the slicer software (Top); Camera display from one of the tests (Bottom).
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The light microscopy photos of the SG CT fracture surface show a notably layered structure of the SG on the top
and bottom sides (Fig. 5-Left). In the side view (Fig. 5-Right), it can be seen that the crack was propagating either at
the top edge of the SG or at the bottom edge during the test but kept a straight direction thanks to the SG. Hence, the
SGs proved to be reliable for forcing the crack to propagate in the straight direction as expected, but at the same time,
their layered structure created a sort of optical barrier, which is not ideal for the intended type of crack kinetics
measurements.

Fig. 5. Fracture surface of 0.3 mm regular CT specimen: Top view (Left); Side view (Right).

The next step was to test the CT specimens with the lower layer height of 0.1 mm. Fracture surfaces of such
specimens featured noticeably smoother surfaces and smaller through-thickness holes (Fig. 6-Left). However, the
honeycomb inner holes were still present. Fig. 6-Left shows a labeled portion of the final fracture surface (final failure).
It is visibly lighter in color compared to the stable crack propagation and there is no difference between layers in terms
of crack propagation. Here, lighter regions show the portion of brittle fracture, i.e., the region that failed after the crack
length approached the static crack growth limit (the fracture toughness in mode I). Darker regions, on the other hand,
show stable, gradual crack propagation in the specimen during fatigue loading. The side view (Fig. 6-Right) shows
that there is not such a large difference between the cracks in different layers as in the case of the CT specimens with
0.3 mm layers and that the crack kept a reasonably straight direction even though there are no SGs to assist. Hence, in
such specimens, SGs are not needed, because the structural features from AM do not have such a significant effect on
the crack propagation direction in the finer printed material.

For additional visualization, there are macroscopic photos of the fractured specimens from the tested batches shown
in Fig. 7.

Fig. 6. Fracture surface of 0.1 mm regular CT specimen: Top view (Left); Side view (Right).
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Fig. 7. Fractured CT specimens: Regular 0.3 mm (Top); SGed 0.3 mm (Middle); Regular 0.1 mm (Bottom).

The crack kinetics results of all tested CT specimens were fitted with the power equation (Paris’ equation),
according to Paris & Erdogan (1963):

d
= C Ko ()

where C and m are material constants (Paris constants) that describe the crack kinetics in the stable crack
propagation region, da/dN is the crack growth rate in terms of mm/cycle, and the Kj 4. is the maximum stress intensity
factor in the loading cycle in MPa-m"2. The application of this form of power law on crack propagation in plastics
proved plausible, as described in previous works conducted by Arbeiter et al. (2020) and Hutaf et al. (2011). The
values under 10 mm/cycle were considered safely under threshold value and were excluded from the fitting.

The data from the 0.3 mm specimens (see Fig. 8-Left) show high data scatter described with an R-square value of
0.3276. As mentioned before, SG CTs had limitations in the data acquisition, therefore in Fig. 8-Left only seven points
are presented, but excluded from Paris constants estimation, because of their unreliability. See the results in Table 1.

Table 1. Crack growth kinetics constants for CT specimens with layer heights of 0.3 mm and 0.1 mm.

Layer height [mm]

Constant 03 0.1
C[-] 1.6736 - 10* 2.2447 - 10
m [-] 3.8489 3.8449

The advantages of a lower layer height application can be seen in the R-square value for 0.1 mm specimens (see
Fig. 8-Right), which is 0.5965. The R-square value is noticeably higher, but it should be even higher for the data to be
reliable. See the estimated Paris constants for the 0.1 mm CT specimens in Table 1.



854 Aleksa Milovanovi¢ et al. / Procedia Structural Integrity 42 (2022) 847-856

‘][)'2 f T T T T T T T T
[| ® 0.3mm-specimen 1 e ©®
| © 0.3 mm - specimen 2 . o
3 ® 0.3 mm - speci 3 s =
1093+ . pecimen 4 P
f ¢ 0.3 mm - SG specimen ® 107 ¢ ]
_— - ®
40 o %
% 10 ¢ o @ 8. 3 § Test characteristics:
E (9 = CT spec. produced via FDM
E o%e E RT, R = 0.05, f = 10Hz
= 5 $ = fit constants:
P2 E e} H -4 L
% 10 0. ® Test characteristics: T C=2.2447107, m=3.8449
= CT spec. produced via FDM © R-square = 0.59647
f RT,R =0.05, f= 10Hz 10° |
10° & .. % fit constants: | ®e ® 0.1 mm-specimen 1
t C=16736-10", m=3.8489 S S esiEHE
L R-square = 0.32764 S 0‘1 . e e
10-7 I e 1 1 1 L S ,,,.l AN S S S S S A S S S S W
0.4 0.6 0.8 1 1.2 14 1618 2 0.4 0.6 0.8 1 12 14 16 18 2
K, o MPa:m"?] K [MPam'"]
,max |, max

Fig. 8. Crack growth kinetics for 0.3 mm CT specimens (including SG) (Left); Crack growth kinetics for 0.1 mm CT specimens (Right).

The scatter is very high in the case of the 0.3 mm data, which makes it difficult to safely determine the threshold
value of Kimax. However, it was not possible to see any crack growth below 0.3 MPa-m'2. In the case of the 0.1 mm
data, it was observed that the crack growth appears above 0.45 MPa-m'?, but it is necessary to investigate the area of
da/dN below 103 mm/cycle more carefully for more precise assumptions about threshold values. The end of the stable
crack growth and transition towards the unstable, rapid crack growth defined by fracture toughness was seen around
1.0 MPa-m'? for the 0.1 mm specimens and above 0.9 MPa-m!? for the 0.3 mm. These values suggest that, in general,
the finer printed material shows better properties in terms of crack propagation, but more investigations are due in this
regard to describe the differences in detail.

4. Conclusions

This paper dealt with experimental crack growth rate investigations in 3D-printed CT specimens made of PLA.
The specimens were printed using two different layer heights — 0.1 and 0.3 mm. Also, the effect of printed SGs in the
experimental procedure was evaluated.

The first tested CT specimens were regular ones, with 0.3 mm layer height. Here, there is a high crack kinetics
data scatter due to specimen inhomogeneity, i.c., the presence of wide holes in the infill structure and different angles
of crack propagation between layers (30° for infill structure, 45° for outer layers). In order to force the crack to grow
in a straight direction, CT specimens with SGs were tried. SGs proved their intended function, but due to the SG
geometry crack inclined to follow the edge of the SG surface, which created an optical barrier for crack observation
due to the above layers. The lower material inhomogeneity that was present in the CT specimens with 0.1 mm layer
height, i.e., smaller infill holes and better adhesion between the neighboring layers, resulted in a much better
performance of these specimens. The crack propagated more or less in a straight direction and there was lower data
scatter as a result. It can be concluded that there is no need for SGs on CT specimens with 0.1 mm layer height. The
0.1 mm CT specimens outperformed the 0.3 mm specimens in the crack growth parameters. Threshold values of Kimax.
are noticeably higher.

In future work, the suggestion is to improve the SG geometry or specimen preparation for expected irregular crack
growth, i.e., crack angulation. The first suggestion is to machine the SG, instead of printing it, because of above layers
could influence crack observation. The main issue in AM nowadays is the inhomogeneity of specimen structure. For
printing CT specimens, in this research 200 °C extrusion and 100% infill density were applied. Thus, any improvement
in the creation of specimens with lower structural inconsistency will lead to an improvement in the accuracy of the
collected data and a better comparison of properties achieved with different parameters.
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