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ABSTRACT

The strength and cracking behaviour under fatigue loading of additively manufactured polylactide
(PLA) was investigated experimentally to quantify and model the role of notches. These tests were
run under load ratios equal to -1 and to 0. Being supported by the experimental evidence, 3D-
printed PLA was treated as a linear-elastic, isotropic, and homogenous material. This allowed the
use of the Theory of Critical Distances to be extended also to the fatigue assessment of notched
3D-printed PLA. This theory was seen to return accurate estimates. This confirms that it can be

used also to estimate fatigue lifetime of notched 3D-printed polymers.
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Nomenclature

Fmax, Fmin
k

GOmax, Omin
On,a

On,MAX-50%

On,A-50%
Gy, max
OMAX
OMAX,50%
OMAX,Design

OUTS

maximum and minimum force in the cycle

negative inverse slope

Young’s modulus

critical distance in the medium-cycle fatigue regime

number of cycles to failure

reference number of cycles to failure (Nrer=2:10° cycles to failure)

local system of coordinates

probability of survival

load ratio (R=6min/Omax=Fmin/Fmax)

scatter ratio of the endurance limit for 90% and 10% probabilities of survival
polar system of coordinates

manufacturing angle

maximum and minimum stress in the cycle

amplitude of the nominal net stress

maximum value of the nominal net endurance limit at Nger cycles to failure for
Ps=50%

amplitude of the nominal net endurance limit at Nger cycles to failure for Ps=50%
maximum value of the local linear-elastic stress parallel to axis y

maximum value of the endurance limit at Nger cycles to failure

maximum value of the endurance limit at Nger cycles to failure for Ps=50%
maximum value of the design endurance limit at Nres cycles to failure for Ps>90%

ultimate tensile strength

1. Introduction

Polymers can be additively manufactured (AM) from powder, wires and flat sheets, with the

material being melted and deposited using different techniques. Acrylonitrile butadiene styrene

and polylactide (PLA) are among the most common polymers which can be 3D-printed at a

relatively low cost by using off-the-shelf 3D-printers. AM polymers are used in situations of

industrial interest to fabricate a variety of components such as, for instance, jigs, fixtures, high-

precision gauges for quality control, custom car parts, and biomedical devices.



PLA is a polyester that is made from renewable sources such as sugar cane, starch and corn. As
a result, PLA not only is biodegradable, but can also be recycled very easily.

The most common and cost-effective technology for 3D printing PLA is usually referred to as
Fused Deposition Modelling (FDM). The FDM fabrication technology works by extruding plastic
filaments through a heated nozzle. Initially, these filaments are deposited directly onto a platform
(called “build plate”) to create a first layer of material with the wanted shape. As this thin layer of
material cools and hardens, it adheres to the build plate itself. After completing the very first layer,
the build plate is lowered and the extrusion nozzle starts building the second layer of material.
This is done by extruding plastic filaments that bind not only to each other, but also to the layer
beneath them. Once this second layer is completed, the build plate is lowered again so that a new
layer of plastic can be built. This additive process allow computer-aided design to be used to
fabricate objects layer by layer, where the layer being build binds directly to the previous layer of
material. In this context, it is important to mention that commercial FDM-printers usually
manufacture the different layers by first creating the so-called shell. Shells are nothing but
perimetric retaining walls that are used not only to contain the bulk material, but also to obtain a
higher level of precision in terms of dimensions and shape.

Turning to the mechanical response of FDM-AM PLA, examination of the state of the art
demonstrates that its behaviour under both static [1-6] and fatigue loading [7-10] is affected by a
number of technological variables that include, amongst others: thickness of layers and shells,
infill density, filling pattern, infill speed, diameter and temperature of the nozzle, printing
direction, feed rate, printing speed, and temperature of the build plate. Although PLA is a plastic
polymer, its mechanical response in the AM form is predominantly brittle, where the little level
of ductility that is observed before final breakage varies as the printing direction changes [4, 5].

These considerations should make it evident that the mechanical and fatigue behaviour of AM
PLA is rather complex. Fortunately, the complexity associated with the design problem can be
reduced markedly by observing that, as long as objects are FDM-manufactured flat on the build
plate, the effect of the printing direction can be disregarded, with this simplifying assumption
resulting just in a little loss of accuracy [5, 10]. Therefore, in engineering situations of practical
interest, the static and fatigue assessment of AM PLA can be performed by modelling it as a linear-
elastic, homogenous and isotropic material [5, 6, 10].

As far as fatigue assessment is concerned, the design problem can be simplified even more by
observing that the maximum stress in the cycle, omax, allows the effect of non-zero mean stresses

to be taken into account in a simple, but accurate way [10, 11].



According to the above simplifying hypotheses based on the experimental evidence, if the effect
of the raster angle is neglected and the load cycles are modelled in terms of omay, the fatigue
assessment can then be performed by directly using the unifying scatter band plotted in the SN
chart of Fig. 1 [10, 11]. This scatter band was built by post processing a large number of
experimental results that were generated by testing AM PLA fabricated by making the printing
direction vary in the range 0°-90°. Further these un-notched specimens with different material
lay-ups (obtained by changing the raster angle) were tested by setting the load ratio, R=6min/Gmax,
equal to -1, -0.5, 0, and 0.3. In the SN diagram of Fig. 1 curs is the material ultimate tensile
strength, Nr is the number of cycles to failure, k is the negative inverse slope, Ps is the probability
of survival, omax s0% is the maximum value of the endurance limit extrapolated at Nrer=2:10° cycles
to failure, and Ts is the scatter ratio of the endurance limit for 90% and 10% probabilities of
survival.

As per the SN diagram of Fig. 1, whenever it is not possible to determine experimentally the
fatigue strength of the specific AM PLA being employed, then the fatigue assessment is
recommended to be performed (for Ps>90%) by adopting a design curve having negative inverse
slope, k, equal to 5.5 and endurance limit, Omax pesign, at Nrer=2:10° cycles to failure equal to 0.1-0uts
[10, 11].

One of the most important features of AM is that this technology allows the fabrication of
objects having very intricate geometries. In this context, since AM components can contain
complex geometrical features, their static/fatigue strength is obviously affected by localised
stress/strain concentration phenomena.

As far as notches are concerned, examination of the state of the art demonstrates that the
Theory of Critical Distances (TCD) [12-14] is the most powerful candidate to be used to design AM
components against fatigue loading. The TCD groups together a number of design methods that
all make use of a material length scale parameter to assess the extent of damage. Further, the local
stress-fields needed to determine the TCD design stresses are calculated by adopting a simple
linear-elastic constitutive law, with this holding true also in the presence of non-linear stress-
strain responses [12]. Such unique features make the TCD appropriate for being used by directly
post-processing the results from conventional linear-elastic Finite Element (FE) analyses.

As far as static loading is concerned, it has already been demonstrated that the TCD is
successful in predicting the strength of notched AM PLA [5, 6]. In contrast, so far the TCD has
never been attempted to be used to estimate fatigue lifetime of components of AM PLA containing
notches of different sharpness. Filling this knowledge gap represents the ultimate goal of the

theoretical /experimental work being summarised and discussed in what follows.



2. Experimental details

The notched specimens shown in Figs 2a, 2b, and 2¢ were FDM-manufactured by using
commercial 3D-printer Ultimaker 2 Extended+. The parent material used for the present
experimental investigation was white New Verbatim PLA with density equal to 1.24 g/cm3, glass
transition temperature to 58 °C, tensile yield stress to 63 MPa and tensile elongation to 4%. The
wires of this polymer had initial diameter equal to 2.85 mm and were extruded through a brass
nozzle down to a diameter equal to 0.4 mm. All the notched samples were manufactured flat on
the build-plate (Fig. 2d). As recommended by the manufacturer of the FDM-printer being used,
the specimens were fabricated by setting the temperature of the nozzle equal to 240°C, the build-
plate temperature to 60°C, the print speed to 3omm/s, the shell thickness equal to 0.4 mm (see
Fig. 3a), and the layer height to 0.1 mm. It is important to point out here also that the specimens
were fabricated by setting the infill density equal to 100%, with this resulting in a void fraction
invariably equal to zero. The average mechanical properties of the PLA FDM-manufactured
according to this procedure were as follows [5]: Young’s modulus equal to 3479 MPa, 0.2% proof
stress equal to 41.7 MPa and ultimate tensile strength, curs, equal to 42.9 MPa.

In its standard configuration, 3D-printer Ultimaker 2 Extended+ deposits the filaments always
at £45° to the principal printing axis (Fig. 2d). Therefore, to investigate the existing interactions
between raster direction and notch fatigue strength, the tested specimens were FDM-fabricated
by setting the manufacturing angle, 6,, equal to 0°, 30°, and 45°. According to Fig. 2d, 6, was
defined as the angle between the sample’s longitudinal axis and the principal manufacturing
direction. This simple stratagem allowed us to manufacture specimens having a +45° lay-up
(6,=0°), a-15°/+75" lay-up (6,=30°) and, finally, a 0°/+90° lay-up (0,=45°).

To better clarify the role of the shell in 3D-printed objects, Fig. 3a shows three different
examples of specimens manufactured by setting the shell thickness equal to 0 mm, 0.4 mm and
to 0.8 mm. This figure shows that the samples manufactured with no shell at all were
characterised by very rough lateral surfaces. In contrast, setting the shell thickness equal to either
0.4 mm or 0.8 mm allowed specimens with very smooth lateral surfaces to be fabricated [5].
Further, by carefully observing these pictures it is possible to see the printed filaments being at
45° to the specimen vertical axis, with these samples being fabricated by setting angle 0, equal to
0°.

Finally, for the sake of completeness, the stress vs. strain curves generated experimentally by

testing plain specimens manufactured by setting 0, equal to 0°, 30°, 45°, 60° and 90° are shown

in Fig. 3b [5].



The geometries and nominal dimensions of the notched specimens that were tested in the
Structures Laboratory of the University of Sheffield are shown in Figs 2a to 2c. The actual
dimensions of the manufactured specimens were measured systematically by using a high
precision calliper and an optical microscope. This methodical check of the specimens’ dimensions
made it evident that the 3D-printer being used was capable of additively manufacturing objects
of PLA by consistently reaching an adequate level of accuracy. In particular, the obtained
tolerances were seen to be in the range +0.2 mm.

The sharply notched specimens (Fig. 2¢) were manufactured by setting in the CAD solid model
the opening angle equal to 35° and the notch root radius equal to 0 mm. This was done in order
to manufacture specimens containing stress raisers that were as sharp as possible. The systematic
measurements taken using an optical microscope revealed that the actual average value of the
notch root radius was equal to 0.15+0.05 mm.

The fatigue tests were run by using an electric fatigue table that was specifically developed for
this experimental investigation. As shown in Fig. 2e, the notched specimens were tested under
sinusoidal axial loading, with the magnitude of the applied axial force being gathered
continuously during testing through an axial loading cell. In parallel, the nominal vertical
displacement of the shaking plate was monitored by using a linear LVDT. Since the net cross-
sectional area of the specimens was very small (i.e., 6 mm x 3 mm), the fatigue tests were run up
to the complete breakage of the samples themselves. All the experiments were run at a frequency
of 10 Hz. The nominal load ratio, R=Fmin/Fmax, Was set not only equal to -1, but also to 0, where
the zero-tension configuration was used to investigate the effect of superimposed static stresses
on the overall fatigue strength of notched 3D-printed PLA. The run-out tests were all stopped at
2:10° cycles to failure. All the tests were run at room temperature. The latter aspect is very
important because, due to its polymeric nature, the fatigue behaviour of 3D-printed PLA is
expected to be highly sensitive to temperature. This testing procedure was developed in
accordance with the pertinent standard recommendations [15-17].

Finally, the number of notched samples that were tested for any experimental configuration

being investigated are listed in Tab. 1.

3. Cracking behaviour in the presence of notches

The cracking behaviour of the notched specimens being tested was investigated by using a simple
optical microscope. The direct inspection of the fracture surfaces allowed us to study the crack
initiation phase in the vicinity of the notch tips as well as the subsequent crack propagation

process.



The matrix of failures seen in Fig. 4 reports some representative examples of the crack paths
that were observed not only as the sharpness of the tested notch increased, but also for different
values of the manufacturing angle, 0, and the load ratio, R.

As per the fracture surfaces shown in Fig. 4, the fatigue cracks were seen to initiate, in the notch
tip regions, always on material planes that were perpendicular to the direction of the applied
loading. Accordingly, the hypothesis can be formed that the process resulting in the initiation of
the fatigue cracks was governed by a Mode I-driven failure mechanism, with this process resulting
in embryonic cracks having length approaching 0.4 mm (i.e., having length approximately equal
to the shell thickness). Such an opening-mode governed initiation phase was observed in the
majority of the notched specimens being tested, with this holding true independently of notch
sharpness, raster angle, and load ratio. However, in some cases, the cracks were seen to initiate
slightly away from the apices of the stress raisers, with the initial growth occurring at the interface
between the shell used to delimit the notch tip and the bulk material.

Turning to the subsequent propagation phase, the cracks grew along irregular paths that
followed mainly the orientation of the extruded filaments (Fig. 4). Thus, as observed also in the
absence of stress gradients [10], the assumption can be made that, independently of notch
sharpness, material lay-up, and load ratio, the final breakage of the notched samples was the
result of the following simultaneous failure mechanisms: (i) de-bonding between adjacent
filaments, (ii) de-bonding between adjacent layers and (iii) rectilinear cracking of the filaments

themselves.

4. Notch Fatigue Strength

The results generated according to the experimental protocol described in the previous section
are summarised in the SN charts reported in Fig. 5 for the sharp notches (Fig. 2c), in Fig. 6 for
intermediate notches (Fig. 2b), and in Fig. 7 for the blunt notches (Fig. 2a). These standard log-
log fatigue diagrams were built by plotting the amplitude of the nominal net stress, on,,, against
the number of cycles to failure, Nt. The scatter bands shown in the above charts refer to a
probability of survival, Ps, equal to 90% and 10%. They were calculated, with a confidence level of
95%, by assuming a log-normal distribution of the number of cycles to failure for each stress level
[18-20]. For the purpose of clarity, the results from the statistical re-analyses are summarised also
in Tab. 1 in terms of negative inverse slope, k, endurance limit, on-50%, referred to the nominal
net area and extrapolated, for Ps=50%, at Nrer=2-10° cycles to failure, and, finally, scatter ratio,

Ts, of the endurance limit for 90% and 10% probabilities of survival.



The same statistical procedure was used also to determine the scatter bands that are reported
in the SN charts of Fig. 8. In these diagrams all the results generated for any type of notch are
plotted together in terms of maximum value of the nominal net stress, onmax-

The Wohler diagrams shown in Figs 5 to 7 together with Tab. 1 make it evident that, likewise
conventional engineering materials, the fatigue strength of notched AM PLA tends to slightly
increase as the load ratio, R=Fuin/Fmax, increases from -1 to o. Further, for a given notch/raster
angle configuration, the value of the negative inverse slope, k, slightly increases as the mean stress
increases. Lastly, similar to what is observed in un-notched specimens [7-11], Figs 5 to 7 and Tab.
1 confirm that the raster angle somehow affects the overall fatigue behaviour of AM PLA also in
the presence of stress concentration phenomena, although it has to be said that this effect appears
to be very little.

As done with plain AM PLA [10, 11], an attempt was then made to simplify the problem under
investigation by post-processing the generated experimental results in terms of maximum value
of the nominal net stress, on,max. This simple assumption takes as a starting point the idea that the
maximum stress in the cycle can be used to model the mean stress effect in fatigue since, by
definition, its magnitude also depends on the mean value - in fact, 64 max=0nm+0n,a. AS mentioned
earlier, the results from this re-analysis are summarised in the SN diagrams of Fig. 8.

According to the charts seen in Fig. 8, initially it can be pointed out that, for a given value of
the load ratio, the effect of manufacturing angle 6, appears to be negligible, with this engineering
assumption resulting just in a little loss of accuracy. As to this simplification, it can be said that,
compared to what is observed in un-notched specimens [10, 11], the presence of stress
concentration phenomena tends to mitigate the effect of the raster angle even more markedly.
Therefore, based on this experimental evidence, the engineering hypothesis can be formed that,
as long as objects are manufactured flat on the build plate, notched AM PLA can be treated as a
homogenous and isotropic material - i.e., its mechanical behaviour can be model accurately
without taking into account the effect of the material lay-up explicitly.

Turning back to the effect of non-zero mean stresses, the SN diagrams of Fig. 8 make it evident
that, in terms of maximum stress in the cycle, the fatigue strength under R=0 appears to be
slightly higher than the corresponding fatigue strength under R=-1. However, the relatively low
values for ratio T, (see Fig. 8) strongly support the idea that the influence of superimposed static
stresses can be modelled effectively by simply using the maximum stress in the cycle. This
engineering assumption is expected to result just in a little loss of design accuracy that can be in

any case compensated via the use of adequate safety factors.



The outcomes from the post-processing of the experimental results as discussed in the present
section will be used in what follows to re-formulate the Theory of Critical Distances (TCD) [12] to

make it suitable for performing also the fatigue assessment of notched AM PLA.

5. The Theory of Critical Distances
As long as objects of PLA are additively manufactured flat on the build plate, the mechanical
behaviour displayed by the 3D-printed polymer under investigation allows the following
simplifying assumptions to be made:
o the effect of the raster angle can be neglected so that AM PLA can be assumed to behave
like a homogenous and isotropic material;
e the stress vs. strain response of AM PLA can be modelled by adopting a simple linear-
elastic constitutive law (Fig. 3b) [5];
o the effect of superimposed static stresses on the fatigue behaviour of AM PLA can directly

be taken into account via the maximum stress in the cycle.

Based on these simplifying engineering hypotheses, an attempt can then be made to use the
TCD also to assess the fatigue strength of notched AM PLA. The fundamentals of the TCD used in
the form of the Point, Line and Area Method will briefly be reviewed in what follows, with this
powerful design theory being directly reformulated in terms of maximum stress in the cycle. In
particular, according to the fatigue behaviour observed in plain AM PLA [10, 11], the mean stress
effect will be attempted to be taken into account directly via the maximum stress also in the
presence of notches.

The TCD was first devised by Neuber [21] and Peterson [22] back in the 1940s-50s in the form
of the Line Method and the Point Method, respectively. From a philosophical point of view, this
theory postulates that fatigue damage in the presence of stress concentrators is assessed via an
effective stress whose magnitude depends on: (i) the entire linear-elastic stress field acting on the
material in the vicinity of the crack initiation locations; (ii) a length scale parameter which
represents the underlying material microstructure [12-14]. In more detail, the material critical
distance is assumed to define the size of the process zone, where the process zone represents that
portion of material controlling the overall strength of the component being designed [14, 23].
Further, the TCD intrinsic material distance is seen to be somehow related also to the size of the
dominant source of microstructural heterogeneity [24].

The formalisations of the TCD proposed by Neuber [21] and Peterson [22] were originally

devised to perform the fatigue assessment in the high-cycle fatigue regime. In other words, these



approaches were formalised so that they could be used to estimate fatigue/endurance limits of
metallic components containing geometrical features of all kinds.

In 2007 Susmel and Taylor [25] reformulated the TCD to make it suitable for estimating fatigue
damage also in the finite lifetime regime. This advanced version of the TCD was developed based
on the hypothesis that the material length scale parameter needed to determine the required

effective stress decreases as the number of cycles to failure increases, i.e. [25, 26]:
Ly(N;) =A- N7 (1)

In definition (1), A and B are material constants that can be determined by running a series of
standard fatigue experiments. It is worth recalling here that, for a given material, constants A and
B are seen to vary with the load ratio. In contrast, their values do not change as profile and
sharpness of the notch being designed change [25, 26]. The procedure to be followed to determine
constants A and B in power law (1) will be reviewed in detail at the end of the present section.

As soon as the Ly vs. Nt relationship is known from the experiments, the TCD can be used in
different forms, where the alternative formalisations of this theory can directly be derived by
simply changing size and shape of the integration domain used to calculate the effective stress.

In more detail, if the TCD is applied in the form of Peterson’s Point Method, then the maximum

value of the effective stress can directly be determined as follows (see Figs 9a and gb) [27, 28]:

L(N
Ocffmax = Oymax (9 —0°r = (zf)> »

Alternatively, according to Neuber’s Line Method, the maximum value of the effective stress
has to be determined by averaging the maximum value of the linear-elastic stress, 6ymax, along a

line over a distance equal to 2Lm(Ny), i.e. (Fig. 9c¢) [28]:

_ 1 2
O'eff,max - Z-LM(Nf) fo

VD) (8 = 0°7) - dr 3)

Finally, as per Sheppard’s intuition [29], the maximum value of the effective stress can also be
determined by averaging the maximum value of the 1%t principal stress over a semicircle with
radius equal to Lm(Ny) and centred at the notch apex [12, 28]. In other words, effective stress

oeff,max determined according to the so-called Area Method takes on the following value (Fig. 9d):



4 T Ly(N
Ocffmax = mfoz fo u(Ny) Gl,max(e; r)-r-dr-df (4)

In this context, it is worth mentioning that there is also a three-dimensional formalisation of
the TCD which is known as the Volume Method [12]. This form of the TCD postulates that the
effective stress has be calculated by averaging the linear-elastic maximum principal stress over a
hemisphere having radius equal to 1.54-Lm(Nf) and centred at the notch apex [30].

Having determined Gefrmax according to one of the strategies reviewed above, the number of
cycles to failure can then be estimated directly from the SN curve quantifying the fatigue strength

of the un-notched material being designed, i.e. [25]:

k
Nf = Nges * (M) (5)

Oef fmax

In relationship (5) owmax is the plain material endurance limit extrapolated at Nger cycles to
failure and k is the negative inverse slope.

Ed. (1) together with definitions (2), (3), and (4) make it evident that fatigue lifetime of notched
components can be estimated according to the TCD provided that suitable recursive numerical
procedures are used [25]. This is an obvious consequence of the fact that while N is the unknown
variable in the design problem, it is needed to estimate also the critical distance value from Eq.
(1). However, as discussed in Refs [25, 26], this is a trivial problem that can be solved by using
simple and standard optimisation algorithms.

Turning to the calibration of the Ly vs. Nt relationship, according to definition (1), in theory,
two different pieces of experimental information should be enough to estimate fatigue constants
A and B. For instance, they could directly be derived from the critical distance determined under
static loading and the critical distance estimated in the high-cycle fatigue regime (see Ref. [25] for
a detailed description of this possible strategy to estimate constants A and B). Unfortunately, this
approach is not at all straight forward to be used in practice for the following two reasons [14, 25]:
(i) because the stress based approach is not accurate enough when it comes to model the
behaviour of materials failing in the low-cycle fatigue regime; (ii) because the position of the knee
point defining the endurance limit in the high-cycle fatigue regime is seen to vary as profile and
sharpness of the calibration notches being tested vary.

These two limitations can be overcome by simply determining constants A and B in Eq. (1)
from the un-notched material fatigue curve and from another fatigue curve determined by testing

specimens containing a notch having known profile and known sharpness [25, 26]. This way of



estimating constants A and B is explained through the SN diagram shown in Fig. ge. In particular,
according to the Point Method’s modus operandi, given a reference number of cycles to failure,
N¢*, it is straightforward to determine the distance from the notch tip, Lm(Ns)/2, at which the
maximum value of the linear-elastic stress, cy,max, €quals the value of the maximum stress that has
to be applied to the plain material to break it at N¢* cycles to failure (Fig. 9e). According to this
simple procedure, the critical distance value can then be determined for all the Nt values from the
low- to the high-cycle fatigue regime, allowing constants A and B to be determined unambiguously
[25, 26].

This simple strategy will be used in the next section to check whether the linear-elastic TCD is

successful also in estimating fatigue lifetime of notched AM PLA.

6. Validation by experimental data

In order to apply the TCD to post-process the notch fatigue results summarised in the charts of
Figs 5 to 7, local stresses were determined using commercial FE software ANSYS®. The relevant
linear-elastic stress fields in the notched specimens shown in Figs 2a to 2c were determined by
solving bi-dimensional FE models built by using 4-node structural plane elements (plane 182).
According to the hypotheses formed in the previous section, the numerical solutions were
calculated by assuming that the AM polymer under investigation behaves like a linear-elastic,
homogeneous and isotropic material. Finally, in order to determine the required stress fields by
systematically reaching an adequate level of numerical accuracy, the mesh density in the vicinity
of the notch tips was gradually increased until convergence occurred.

According to the calibration strategy summarised in Fig. 9e, constant A and B in Eq. (1) for the
AM PLA being assessed were determined from the following two fatigue curves:

e the experimental plain fatigue curve derived in Ref. [10] for Ps equal to 50% (Fig. 1);
e the fatigue curve (Fig. 8a) determined by post-processing all the results generated by
testing the sharply notched specimens (Fig. 2¢).

Considering that the average value of curs for the AM polymer under investigation was equal
to 42.9 MPa [5], according to the scatter band seen in Fig. 1 the plain material fatigue constants
were estimated to be as follows: omax 50%=6.7 MPa at Nges=2-10° cycles to failure and k=5.1.

The fatigue curve generated by testing specimens containing notches with root radius, r,, equal
to 0.15 mm was used because, according to our previous experience with other materials [14, 25],
to calibrate constants A and B it is always advisable to use stress raisers that are as sharp as

possible.



By post-processing the local-linear elastic stress field determined numerically for the sharply
notched specimens, the procedure sketched in Fig. 9e applied by using the two calibration fatigue

curves mentioned above returned the following values for constants A and B:
Ly (Ny) = 16.4 - Ny *#*? [mm] (6)

This Ly vs. Nt relationship was then used to post-process the experimental results being
generated according to both the Point and the Area Method. Unfortunately, the Line Method
could not be used because the length of the required integration domain in the medium/low-cycle
fatigue regime - i.e., 2L(Ny) - was larger than half net-width of the specimens [12].

The SN diagrams of Fig. 10 that plot the normalised maximum value of the effective stress,
Oeff,max/OUTS, VS. the number of cycles to failure, Ny, confirm that the systematic use of the TCD
returned estimates mainly falling within the plain material scatter band. This result is certainly
satisfactory since, from a statistical point of view, a predictive method cannot be more accurate
than the experimental information used for its calibration.

It is worth concluding by observing that, in situations of practical interest, the fatigue
assessment of notched components of AM PLA can then be performed accurately by using
relationship (6) together with the unifying design curve proposed in Ref. [10] and having
oMax,Design=0.1-cuts and k=5.5 (Fig. 1). By so doing, notched 3D-printed PLA can be designed
against fatigue for a probability of survival, Ps, that is always larger than 90% even when specific

calibration experiments cannot be run.

7. Conclusions
In the present investigation, a large number of specimens were tested to study the fatigue
behaviour of AM PLA weakened by notches having different sharpness. The notched samples
being tested in the Structures Laboratory of the University of Sheffield were all FDM-
manufactured flat on the build plate. In order to assess the effect of the raster direction, these
specimens were fabricated by setting manufacturing angle 6, equal to 0°, 30, and 45° (Fig. 2).
The specimens sketched in Figs 2a to 2¢ were tested under fully-reversed axial loading (R=-1) as
well as under zero-tension (R=0). The accuracy of the TCD in estimating fatigue lifetime of
notched components of AM PLA was checked against the fatigue results being generated.
According to the outcomes from this experimental/theoretical work, it is possible to draw the
following conclusions that are strictly valid solely for objects of PLA 3D-printed flat on the build
plate:



e in notched AM PLA the cracking behaviour under fatigue loading is governed by three
predominant failure mechanisms, i.e. rectilinear cracking of the filaments, de-bonding
between adjacent filaments, and de-bonding between adjacent layers;

e fatigue cracks grow along irregular paths that follow mainly the orientation of the extruded
filaments;

e an increase of the notch sharpness is seen to result in a decrease of the fatigue strength;

e in the presence of stress concentration phenomena, the effect of the raster angle on the
overall fatigue strength of AM PLA can be neglected with little loss of accuracy;

¢ the mean stress effect in notch fatigue of AM PLA can be effectively taken into account by
addressing the design problem in terms of maximum stress in the cycle;

o the TCD is proven to be remarkably accurate also in assessing notch fatigue strength of
3D-printed PLA;

e if appropriate experiments cannot be run, notch fatigue strength of AM PLA can be
assessed according to the TCD by using Eq. (6) together with a unifying design curve with

k=5.5 and omax,pesign=0.1-Guts (at 2-10° cycles to failure for Ps>90%).
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Tables

Notch 6p N. of R K On,A-50%
Type [°] Samples [MPa]
45 13 -1 6.3 9.2 1.698
45 8 o 8.3 7.5 1.520
*«5 30 9 -1 4.8 6.7 1.299
= 30 9 0 7.5 6.9 1.435
0] 10 -1 5.4 8.2 1.702
0 9 o 7.3 7.3 1.335
° 45 9 -1 4.3 4.4 1.451
= 45 9 0 5.0 4.3 1.442
5 30 8 -1 4.8 5.1 1.305
% 30 9 0 5.4 4.7 1.201
E 0 10 -1 4.1 4.9 1.818
(o} 7 o} 4.6 4.4 1.252
45 8 -1 3.7 4.1 1.170
45 8 0 4.5 3.7 1.326
& 30 8 -1 4.1 4.8 1.749
7 30 7 0 4.7 3.9 1.265
Y 8 -1 3.7 4.3 1.477
(o} 8 o 5.0 4.5 1.280

Table 1. Summary of the experimental results generated by testing the notched specimens
of PLA shown in Figs 2a to 2c.



Figures

Raster Angle = 0°, 30°, 45°

10

’ Run Out

N

0-max/o-UTS

X R=0.3 O maX,509%/C uts=0 16i
T,=2.451,
Ng..=2-106
0.01 L1 3 5288 T T L s anas L neimT I L aaiss
10 100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

Figure 1. Unifying scatter band [10] suitable for designing additively manufactured PLA
against fatigue — Data taken from Refs [7, 8, 10].



86

i
___}.:é:_{__
|
i
82| - ‘= L=
R1
DL
N _.{_F

Specimen

6p Lay-up

0° -45°/+45°
\ 30° -15°/+75°

45° 0°/+90°

3D-Printed
Filaments

45°1°45¢
Build Plate
(d) Principal
Printing
Direction 0
p

(b)

Intermediate
Notch

LVDT

86

I\ e

I

Shaking (€)
Plate

Figure 2. Geometries of the notched specimens being tested (a-c), definition of
manufacturing angle 6, (d), and overview of the testing set-up (e).



Shell Thickness=0 mm

(a)

Shell Thickness=0.4 mm

Shell Thickness=0.8 mm

Stress [MPa]

Stress [MPa]

50 50
45 £ —, 45 1
40 £ PNV S===—— -
35 £ T = 35 -
30 # 30 -
25 £ £ 25 -
20 £ @ 20 A
15 £ 15 £
10 £ 10 £
5 - 9p\=09\_ 5 | BPEGK_
0 t t t 0 t t t
0 0.05 0.1 0.15 0.2 0 0.05 0.1 0.15 0.2
Strain [mm/mm] Strain [mm/mm]
50 £ 50
45 £ — 45 4
40 ¢ ~_ & 40 |
35 - = 35
30 £ Z - @ 30
25 4 - 2 25 -
20 £ z & 20 -
15 1 15 1
10 £ 10 £
5 8,=30° 5 £ 6,=60°
0+ t t T 0+ t t T
0 0.005 0.01 0.015 0.02 0 0.005 0.01 0.015 0.02
Strain [mm/mm] Strain [mm/mm]
50
45 -
g 40 -
= 35
2 30 A
£ 25 4
n 20
15 1
10
5 9p=459
0 ~ A — e ——
0 0.005 0.01 0.015 0.02

(b)

Strain [mm/mm]

Figure 3. Examples of specimens manufactured with different values of the shell
thickness (a); stress vs strain curves generated by testing the plain specimens
under tensile loading (b) [5].







D
[T
=)
|
1]
-t
iy
[=)

[°] Initiation Propagation

Propagation

Initiation

30

Sharp Notches

45

30

Intermediate Notches

45

30

Blunt Notches

45

Figure 4. Cracking behaviour displayed by the tested notched AM PLA (in the pictures the
specimen’s longitudinal axis is vertical and the notch tip on the left-hand side).



100

Sharp Notch - 6,=45°

/ Run Out

On.a Ps=10%
[MPa] S
10
O, a509%=41 I
=1.4170!
!
Np=2110°]
1
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]
Sharp Notch - 6,=30°
100
- # Run Out
~
T S~
Gpa [~ ~ Ps=10%
[MPa] ~ o~ L
Ps=90%" < 'S
~ = ~ I
~ iy 1
PL=50% ™~ < L |
10 =] i
~ . \]
~ \.\
o~
~
Onaso%=4-8 MPa |
To=1.749
|
1
100 1000 10000 100000 1000000 10000000

Sharp Notch - 6,=0°

N; [Cycles to Failure]

# Run Out
~
S~
I~ ~
Ona S
[MPa] Pg=90%
|
10 it l
~ \l
~T
~!
On,a50%=4-3 MPa |
=1.702!
|
1 +
100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

Sharp Notch - 6,=45°

100
# Run Out
AR
a,
SIS peto
~ > |
Pg=90% | < ~ !
N~
10 NS o |
S 1
Ps=50% k=4.5\\..\\:_ oo |
~ ~ = ~ . 4~
SRS
5o as0ri=37 MPa |
Npe=2710°)
1
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]
Sharp Notch - 6,=30°
100
/ Run Out
a,
MPa] R
&~ . Ps=10%
Pe=90% T iy I
~ ° N L 1
10 he |
Ps=50% ~— t
k=47 T~ |
~ =~ 1
I :\j
On ns0%=3-9 MPaj
,=1.265 I
Ny 210
1
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]
Sharp Notch - ,=0°
/ Run out
O,
MPa) R
T~ T~ o
P5=90°7 h : \F'iz 0% |
10 SR |
P4=50% =5.0 T > I
~ R ~
Ini ~
On.a50%=4-5 MPa I
T,=1.361!
!
Np,=2110°|
1
100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

Figure 5. SN curves determined by post-processing (in terms of stress amplitude) the
results generated by testing the specimens containing the sharp notches.



Intermediate Notch - 6,=45°
100

/ Run Out

~
Ona T~ Ps=10%
MPa] > S

S~
Ps=90% 3+ N3 ~
&I~ |
10 P =50 ™~ ~ I~ |
k=43 SIS~ <
ST 4
Ry <
~J
Cnas0%=4-4 MPa |
T,=1.451!
!
Npei=2110°}
1
100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

Intermediate Notch - 6,=30°

100
/ Run Out
Oha ~ -y ~
[MPa] ~ = = Ps=10%
Pe=90% ST
5= ~ RS S~ s L I
1N }
10 P.-50¢ K\- |
= k=28 ST~ .
== R J
S~
I~
On,a500=5-1 MPa:
T,=1.305]
'
Ng.=2{108 I
1
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]
Intermediate Notch - 0,=0°
100
# Run Out
On,a M~
[MPa]
~ |
P=50% N |
10 5= K41 - R
N ~
~ -~
~
~
B aso=4.9 MPa |
T,=1.818.
|
1
100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

100

Ona R~
[MPa]
I~

10

Intermediate Notch - 6,=45°

# Run Out
~
~ 7
T E=10/u
Ps=90% " ~+ vy |
s=9U7% ~ZJ T~ 1}
== ;s
Ps=50% k=5.0 ~ ~ To~T" |
IS
Gnns0r6=4.3 MPa
T.=1.442!
|
N2 105
100 1000 10000 100000 1000000 10000000

Intermediate Notch - 6,=30°

N; [Cycles to Failure]

100
/ Run Out
i
a ~
=~
\\\:\\isﬂo%
Pe=90% T 3T |
|
10 Ps=50% |
A
I ~
On,a-s0%=4-7 MPa
T,=1.201!
'
Npo=2110°)
1
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]
Intermediate Notch - 0,=0°
100
/ Run out
G, I~
MPa) R <
~ >~
~ >
Ps=90%| T | Ps=10% |
o~ .
10 T TSy l
S=9P k=46 T I
— ~ |
- <
~i
On,as0%=4-4 MPa |
To=1.252!
'
Npei=2:105)
1
100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

Figure 6. SN curves determined by post-processing (in terms of stress amplitude) the
results generated by testing the specimens containing the intermediate notches.



Blunt Notch - 6,=45°
100

o Q. Ps=10%
na
[MPa] =~

-
Pe=00% &

10

/ Run Out

.\’/
Onnsri=92 MPa)
T,=1.698!
|
!
Neoi=2{10%)
100 1000 10000 100000 1000000 10000000

Blunt Notch - 6,=30°

N; [Cycles to Failure]

100
/ Run Out
>~
Ona B : : S Ps=10%
MPa] + b gos T <3
i S~

10 Pe=50% | k=4.877 = \:\\é I
X3
Orns0=6-7 MPa‘I
T,=1.299!
|
'
Neoi=2110°)

1

100 1000 10000 100000 1000000 10000000

Blunt Notch - 0,=0°

N; [Cycles to Failure]

100
- # Run Out
~ i
Ona [~ g
~

[MPa] Ps=90%
|
H |
10 I =
~ \h
Onns=8.2 MPa;
T,=1.702!
|
'
; Nper=210°}

100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

Blunt Notch - 8,=45°

100
# Run Out
Ohn,a
[MPa] [~
\\\on—" _ Ps=10%
~— iy ] — |
Ps=90% ‘% = :
10 Pida \1\':‘ o
P3=50% k=8.3 —~
Gn,a50%=7-5 NP ;i
T,=1.520'
|
!
Nper=2:105]
1
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]
Blunt Notch - 6,=30°
100
/ Run Out
GOn,a
[MPa] P~
\\\\\\.\ 5:2% |
Ps=90% ‘% == !
10 P=502 T~ T~ |
k=75 T~ ‘@
Gns0r=6-9 uTP?I
T,=1.435'!
|
!
Npe=2 105I
1
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]
Blunt Notch - 0,=0°
100
/ Run out
O‘n,a
[MPa] = —
i - = = - 0
P g PO !
10 P=50% | k=7.3 |~ e S L,
iy g
O as0=7-3 MPai
T,=1.835]
|
!
Npo=2110°)
1
100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

Figure 7. SN curves determined by post-processing (in terms of stress amplitude) the
results generated by testing the specimens containing the blunt notches.



100

Sharp Notch

~
F ~ / Run Out
~N —10°
S & ~Porit
Opnmax [ T~ ~ ~
[MPa] } N N |
AT a0 :
P¢=90% \OQ% O g I
~N
10 { e ge ||
| > 0,=45°, R=-1 k=3.2 = S
[| ¢ 6,=45°, R=0 ~ B
L p s Ps=50% ~
£ 8,=30°, R=-1 ~o A~
[| & 8,=30° R=0 ~
o ep—0° Re-1 O max-s0%=3-9 MPa .
p=0% Rz 1=2.229 |
) ep=0°’ R=0 NRef=2'106i
1 L MY L LA lll ' LA lll AN EET Ad Al
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure] (
a)
Intermediate Notch
100
™ - / Run Out
Ps=10%
O, [~ N
Al BN
~N ~ O
FS=90?A,%>\ A
10
<& 9p=45°, R=-1
¢ 8,=45°, R=0
&6,=30°, R=-1 i}
4 '9.=30°, R=0 ~1
o Op—0° Ri-1 Onmax-s0%=4-6 MPa .
p=0 3 T,=2.877|
SRR L L] | Meenes) |
100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure] (b)
Blunt Notch
100 -
[ >~ L / Run Out
i ;\\” -~ \Psio%
nmax [ ~ ~l<
[MPa] } \\vz.gf%;!.\a\\ |
I o _90\5/ \go O\.%%:\ «_ |
s I~ Rlefe) A T~ ’I/
k= .1\ X ~>N o
10 . —— ~~4&T77—7———~
> 0.-45°, R-1 P=50% L
[ BT ~
[| ©6,=45°, R=0 O max-50%=9-0 Pal
H A ep=30°, R=-1 T,=2.100]
| 4 6,=30°, R=0 |
LL-O ep=0°, R=-1 I
; © 6,=0% R=0 Nper=2110°)
100 1000 10000 100000 1000000 10000000

N; [Cycles to Failure]

(c)

Figure 8 SN curves determined by post-processing the notch results in terms of maximum
stress in the cycle.



*
G max

.
O n,max

On,max

Point Method Line Method Area Method
[ - - 1

Gy,max

Geff,max

Geff,max
70

(b) (c) (d)

On,max

.
O n,max

Maximum (e)
Stress

)

Notch Fatigue Curve

—

Nf Number of Cycles
to Failure

.
O n,max

Figure 9. Notched component subjected to fatigue loading (a); the TCD applied in the form
of the Point (b), Line (c) and Area Method (d); calibration of the Ly vs. Nt relationship by

using two different fatigue curves (e).



Manufacturing Angle, 6,=0°, 30°, 45°

0 Point Method | Ratio, R=-1. 0
/A Run Out
[72)
5
L — — — — ~ _Pg=10%
g ~ . k=51 P5=50%
P opE—— - we
P5=90%
0.1 Unifying Design Curve ]
E O-MAX,D : =0. .GUTS’ k=5-5 +
: < Blunt eSI%nPS> 0%) |
|| @ Intermediate Omax.50%/ Outs=0 16i
T .=2.451
| A Shar 9 !
0.0 At L
10 100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]
Manufacturing Angle, 6,=0°, 30°, 45°
0 Area Method Load Ratio, R=-1. 0
/ Run Out
2
\bD L Ps=10%
= . T~ __k=5.1 Ps=50%
© B SRS =~ A\ %&‘ < < O%
P¢=90% = & e
\ .. T
0.1 nifying Design Curve\\];
E OMAX,Desi =0. ~OyTSy k=5.5 1
: ¢ Blunt 95'9(’"F,S> 0%) |
| @ Intermediate Omax,50%/OuTs=0 16i
T =2.451
| A Shar q !
p NRef=2‘IOG
001 A ul o R
10 100 1000 10000 100000 1000000 10000000
N; [Cycles to Failure]

Figure 10. Accuracy of the TCD applied in the form of the Point and Area Method in
estimating the fatigue lifetime of the notched specimens of AM PLA tested under axial
fatigue loading.



