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ABSTRACT
Static, fatigue and notch sensitivity tests were performed on Multi Jet Fusion™ (MJF) polyamide 12 (PA12)

specimens in unnotched conditions or with blunt/sharp notches. Stress concentration factors, and potential
applicability of theory of critical distances (TCD) were investigated. Fracture surfaces were comparatively
analyzed for quasi-static, fatigue and cryogenic failures. Stress-Life curves were determined and MJF-PA12
showed static and fatigue properties comparable to conventional PA12. The blunt notch had limited impact on
fatigue strength, with failure onsetting from internal defects. The sharp notch showed low fatigue notch

sensitivity but reduced static strength and fatigue life, with failure onsetting from notch tip.
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1. INTRODUCTION

Also known as three-dimensional (3D) printing, additive manufacturing (AM) is a general definition that
covers different methods used in the manufacturing of 3D objects. AM technologies are continuously evolving
and nowadays a variety of processes are available in the market. While Fused Deposition Modelling (FDM) is
well-established as a method to produce polymeric parts for rapid prototyping, powder bed fusion (PBF)
processes are very promising for the manufacturing of end-use parts in industrial applications [1]. Similarly to
other AM technologies, PBF components are obtained through accumulating materials in a layer-by-layer
manner. A heat source (e.g., laser and infrared (IR) radiation) is used to build 3D objects parts according to
computer-aided design (CAD) model data by melting and coalescing powder particles of a powder bed.
Selective laser sintering (SLS) is one of the most established and widely used PBF processes and it uses a laser
to selectively sinter thermoplastic polymer powder particles in successive layers [2]. Multi Jet Fusion™ (MJF)
on the other hand, is a relatively new technology developed by HP Inc. on the basis of the powder bed fusion
(PBF) and binder jetting processes.

MJF does not make use of a laser for powder fusion, but a combination of fusing and detailing agents
selectively deposited onto the powder particles in the form of droplets, subsequently scanned with IR lamps
across the powder bed to fuse the powder layers in a line-wise manner. More specifically, MJF process consists
in coating a build plate with a layer of powder and then depositing a heat-conducting liquid (fusing agent) to
increase absorption rate of the infrared radiation of the heating source. In addition, the so-called “detailing
agent” is applied around the profile of the desired geometry to prevent melting the raw powder outside the
profile thanks to the thermal insulating properties of this liquid. Hence, sharper edges and smoother surfaces
can be obtained with tighter geometric tolerances when the (infrared radiation) energy is applied to form a
solid layer by melting together only selected powder particles. The process is repeated layer by layer as the
build platform moves down and, upon completion, the encapsulated 3D part is removed from the unfused
powder and sent to the post processing station to cool down. More detailed descriptions of the MJF process
and materials are available in the current literature, see [3-5].

MJF is suitable to produce large quantities of end-use plastic parts with high-quality (comparable or better than

SLS) in reduced times. Moreover, MJF allows printing complex and highly overhanging geometries without
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the need of support structures and the mechanical properties of printable materials, such as PA12, are within
the range of those reported for other production processes [6].

As for SLS, the most used material is the Polyamide 12 (PA12), a semi-crystalline thermoplastic polymer that
combines a large processing window, with low density, very good strength, high elongation at break, excellent
impact strength and also excellent abrasion and surface slip characteristics [7]. Nowadays, extensive research
has been carried out on the chemical, physical, and mechanical properties of PA12 parts printed using SLS,
including correlation between processing parameters and tensile properties [8,9], influence of build orientation
[10] or multiscale characterization for modelling [11]. Microstructural differences between SLS and injection
molded (IM) parts related to different thermal history (i.e. degree of crystallinity, amount of a and y phases)
were also analyzed [12], showing that SLS-PA12 displays good strength, but reduced ductility compared to
IM-PA12. It has also been recognized how factors such as porosity or degree of particle melt (DPM) can
heavily affect the mechanical performances [13,14].

While according to standard 1ISO 52900 [15] SLS and MJF are both Power Bed Fusion (PBF) technologies,
and thus direct competitors in the market, some differences can still be appreciated since the properties of parts
produced by PBF are determined by the building process [16]. In MJF, the cooling is much faster, and the
heating of the powder bed is more homogenous, thus reducing the risks of thermal effects, such as shrinking,
thanks to the lower temperature gradients and slower heating up of fused areas. Moreover, the consolidation
of the polymer powder in MJF is based on the introduction of inks that are not necessary for SLS [17] but the
process is much more rapid as it involves the use of line-wise IR radiation treatments, as opposed to the more
widely applied point-wise fusion technique [6]. Although commercialization of MJF printers is relatively
recent, these differences already motivated specific investigations on MJF-PA12 as well as comparisons with
SLS-PA12, mainly considering static mechanical properties.

In [6] the mechanical performance of MJF-PA12 was evaluated with tensile and flexural strength
measurements. No significant difference in tensile strength and elastic modulus was observed between the X,
Y and Z building orientations defined according to ISO/ASTM 52921, whereas in terms of flexural testing,
the build orientations had a significant effect on the strength of the printed part, with samples printed in Z
direction featuring a 40% increase in flexural strength. In [17] the morphology, composition and thermal

behavior of PA12 powders for MJF were found to be similar to analogous feedstocks for SLS. The tensile
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properties of finished parts were generally isotropic, with the exception of deformation at break that noticeably
decreased as the loading direction approached the growth direction. In [18], the mechanical properties of SLS
specimens were higher than those of MJF specimens, especially Young's modulus and elongation at break and
such differences were attributed to the higher density of the SLS specimens. In [19], static tensile tests showed
that SLS specimens have a higher Young’s modulus than MJF ones but a smaller deformation at break and
similar strength. On the other hand, in [3], a comparative study between SLS-PA12 and MJF-PA12 was
performed and the tensile strength of the MJF-printed specimens was instead slightly higher than that of SLS-
printed ones in each orientation. The higher tensile strength of the MJF-printed parts was deemed to originate
from the synergistic effect of the area fusion mode and the reinforcement of carbon black in the PA12 matrix
through the fusing agent. Notably, the SLS tensile specimens built along the X and Y orientations had almost
the same ultimate tensile strength (UTS) and elongation at break (ean), whereas the Z orientation presented the
weakest tensile strength and ductility. For MJF parts, the opposite behavior was observed, with tensile strength
increasing in the sequence of Y, X, and Z orientations, suggesting that the strength across the layers of MJF
parts is larger than in SLS part. Limited differences between tensile strengths of specimens built with different
orientation were also reported in [20], in contrast with SLS for which Z-orientation usually proved to be the
weakest. In [21] a failure criterion with stress interactions for materials with anisotropic properties was
proposed to predict failure of MJF-PA12 parts. Coupons were tested under tensile, compressive, shear, and
combined loading scenarios. The results showed a significant difference in tensile and compressive strengths,
similarly to SLS-PA12. Unlike SLS however, MJF parts did not exhibit a strong interaction between stresses
when under combined loading. In conclusion, monotonic properties of MJF-PA12 seem comparable with those
of SLS-PA12, but, as can be inferred by the summary of published properties reported [19], the range of values
for strength and elastic properties is quite wide.

Considering failure mechanisms, the formation of defects such as voids and imperfections is nearly inevitable
during the 3D-printing process. These defects, combined with the resulting layered structure, may lead to
anisotropic strength and/or failure modes. Moreover, failure mechanisms can also be different from those of
polymers produced with conventional techniques. In particular, [22] suggested the material density being a
crucial factor influencing the fatigue life of SLS-PA12 parts. The lower the density, the higher the number of

unfused powder particles thus leading to a higher chance of crack nucleation. Pores may also act as stress
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concentrators, facilitating crack initiation and failure [12] from material imperfections (i.e. pores) in the
specimens rather than from the surface. For MJF-PA12, the presence of defects with diameter of about 1 mm
surrounded by non-melted powder was reported in [23].

Besides tensile or flexural properties, knowledge on fatigue behavior and notch sensitivity is also essential,
especially when considering the material as a possible candidate for structural applications.

Considering fatigue properties, the few published studies are mostly concerned with SLS-PA12. In [24] high
cycle fatigue (HCF) properties were investigated under axial loading with load ratio R = -1 (alternating cycle)
and the fatigue limit at 10° cycles for plain specimens was estimated at 18 MPa (stress amplitude). In [25]
reverse and rotating bending fatigue tests were carried out on SLS-PA12. The fatigue behavior was isotropic
and with no statistical difference between rotating and reversed bending fatigue properties, but no estimates of
a fatigue limit were provided. Anisotropic response was instead observed for fatigue crack propagation in [26],
with worser fatigue performance for specimens tested along the building direction, Z (i.e. the layer plane is
perpendicular to the loading direction). The main micro-mechanisms of failure were craze formation, growth
and subsequent rupture. Focusing on MJF, some fatigue data were reported by [19] for tests on SLS and MJF
cylindrical specimens with pulsating cycles (stress ratio R = 0). However, with a range of maximum applied
stress between 32 MPa and 38 MPa, this work only covered a portion of the finite life region of the S-N curve,
with failures occurring well below 10° cycles in most cases and no run out at 10° cycles. The fatigue curve
exhibited a distinct knee between 34 and 32 MPa, with higher scatter for MJF than for SLS-PA12. Quite
interestingly, in [23] a limit stress for MJF-PA12 was estimated at 29.4+1.6 MPa with a thermographic method.
This value was in line with results of fatigue tests on seven specimens, in the range 28-30 MPa with a stress
ratio R = 0.1, adopting a number of cycles for run out of N= 2x10°. However, as remarked by the author,
several traditional fatigue tests should be carried out to obtain the S-N curve and the fatigue limit of the
material, but to the best of authors’ knowledge, this type of data have not been published yet for MJF-PA12.
Considering notch effects, current knowledge is also very limited. An analysis of the notch radius effect in
SLS-PA12 specimens under static loading was reported in [27]. The manufacturing direction affected both the
value of fracture toughness and tensile strength. Authors investigated the application of Theory of Critical
Distances (TCD), reporting that TCD suitably reproduced values of fracture toughness obtained from notched

samples of SLS-PA12. In [28] the equivalent material concept (EMC) was used with the J-integral failure
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criterion to investigate the failure of the notched samples made of MJF-PA12. While this approach was found
to be successful to predict experimental results with numerical models, it must be noted that the properties
declared for MJF tensile strength and modulus E (34 MPa and 780 MPa, respectively) were significantly lower
than those reported by most published works.

Finally, fatigue failure in presence of a notch was investigated for SLS-PA12 only in [22] and [12]. A notch
strengthening effect was observed at high load level, with no effect of the built orientation. Fatigue failure was
found to be affected by the presence of pores and by interactions between thermal and mechanical damage
mechanisms.

In the end, considering the current scientific literature, it is clear that despite the growing interest on MJF-
PA12 for industrial applications, both fatigue and notch influence, as well as their combined effects, have not
been yet thoroughly investigated. The aim of the present work is to provide new relevant data that could be
useful from a design point of view, by investigating fatigue performances and comparing the effects on static

and fatigue response of two different types of notches, mild and severe.

2. MATERIAL AND METHODS

MJF-PA12 specimens were provided by ELMEC 3D S.p.A and manufactured with the printer HP — MJF-4200.
The PA12 was fed to the printer in the form of powder with a melting temperature, Tr of 187 °C, bulk density
of 0.425 g/cm?® and a particle size of 60 pm.

The specimens were printed flat in the XY horizontal plane, with the Z-axis being the building direction
corresponding to the thickness. Specimen types (see Fig. 1) included a dumbbell geometry for tensile tests (as
per ASTM D638, type IV) and three different configurations, designated as Smooth, R-notched and VV-notched,
that were used to investigate notch effects on static and fatigue behaviors. Notched specimens differ for the

shape and acuity of the notch, which is far more severe for the V-notched in comparison to the R-notched.
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Fig. 1: Specimen geometries for tensile and notch effect tests. a) dogbone specimen, b) Smooth notch specimen, c)

R-notched specimen, d) V-notched specimen

The theoretical stress concentration factor K;associated with each geometry was calculated by means of 2D
finite element analysis following the same procedure described in [29,30], as the ratio between peak principal
stress and average value in the minimum section when load is applied, assuming linear elastic material behavior
and plane stress conditions. The values of K; were 1.07, 1.31 and 3.82 for Smooth, R-notched and V-notched,
respectively. In order to account for slight deviations from nominal to real geometry (especially for very small
features), a 0.30 mm notch radius was determined by microscopical analysis for the VV-notched specimens. The
effective notch radius value of 0.30 mm was thus used for K; (and any related quantity) calculations in place
of the 0.10 mm nominal value.

All the quasi-static tests were carried out on an electromechanical dynamometer (Instron, Mod. 3366). Three
specimens with dumbbell geometry were tested with a displacement-controlled configuration, applying a
constant crosshead speed of 0.3mm/min and using an extensometer for strain measurement.

For the other geometries, specimens were clamped, leaving a free central region of 40 mm between the grips,
and then statically or cyclically loaded. Samples for Smooth, R-notched and V-notched configurations were
tested until failure at a crosshead speed of 10 mm/min, recording both the force and the crosshead

displacement.
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The remaining specimens were used for fatigue tests, which were carried out with a load-controlled
configuration on a servohydraulic machine (Instron Dynamight). The test frequency was set to 5 Hz and the
stress ratio was set to R = 0.05 to avoid presence of compression loads. A total of 35 specimens were tested
(10 Smooth, 10 R-notched and 15 V-notched), assuming 10° cycles as life limit for run out. During the tests,
the surface temperature was regularly checked with a contact thermal sensor to detect possible abnormal
temperature variations.

Differential scanning calorimetry (DSC Q100 — TA Instruments) and dynamic-mechanical thermal analysis
(DMA Q800 — TA instruments) were also performed to identify the glass transition (Tg), melting and
crystallization temperature (T and T. respectively), as well as the crystallinity degree () of the PA12 after
printing. The following parameters were measured: Ty = 43°C; Tm = 180°C; T¢ = 150°C; yc = 39°C (obtained
by comparison of the measured melting enthalpy value of 81.8 J/g, to the theoretical melting enthalpy value of

209 J/g for 100% crystalline PA12 [31,32]).

3. RESULTS AND DISCUSSION

3.1. Tensile tests — Dumbbell specimens

Results of tensile tests are reported in Fig. 2 for the dumbbell specimens in terms of nominal stress-strain
curves, together with values of tensile modulus, E, ultimate tensile stress, UTS, and strain at break, eas.
Compared to the values of the tensile properties declared by the manufacturer of the 3D printer [33], the
specimens displayed a similar average elastic modulus (1640 + 31 vs 1700 MPa), but slightly lower average

ultimate strength (43 + 2.7 vs 50 MPa) and average strain at break (10% + 3.4 vs 17%).
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Fig. 2: Results of the tensile tests on dumbbell specimens.
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According to the manufacturer [33], tensile strength typical variation (95% of parts) should fall within the 45-
55 MPa range, while tensile modulus values should remain within the 1500 to 2100 MPa range. The findings
of the present study lie within these intervals, but the range of these properties seems actually even larger when
considering published data, as indicated by the summary in Tab. 1.

Such discrepancies are somewhat to be expected, as the experimental measurements are heavily influenced by
the testing conditions and the final part properties are strongly related to the printing process parameters. As
observed in [18] while SLS has been well developed for several decades, making its processing parameters
definition quite mature and well optimized, MJF is still an emerging technology and optimal processing

parameters are still under development.

UTS (MPa) E (MPa)

Average Std. dev. Average Std. dev. Build Dir. Ref.
41.24 1.18 - - XY, X [21]
48.97 1.01 - - XY, Y [21]
34.91 - 780 - [28]

50 - 1700 - XY [33]
50 - 1900 - z [33]
39 - - - z [17]
36 - - - XY [17]
32.0 5.5 1560 5.5 Z, milled [17]
37.5 2.3 1370 17 XY, milled [17]
45.6 0.4 1530 60 z [19]
40.10 1.49 1420 40 XY [18]
47 0.9 1242 28 X [6]
48 0.8 1147 28 Y [6]
49 0.6 1246 37 z [6]
48.7 0.8 1369.0 25.0 X [3]
445 0.7 1368.8 97.6 Y [3]
49.6 1.2 1669 66.7 z [3]

45.7-53.0 - 1408-1688 - XYZ, ZXY [20]
49.9 1.9 3940 360 X [34]
49.3 3.4 3970 310 Y [34]
48.7 0.8 1370 30 z [34]
45.8 3.5 1128 68 X [35]
47.9 0.9 1204 84 Y [35]
53.7 11 1337 98 z [35]
45.15 - - - Y [36]
47.77 - z [36]

Tab. 1: Tensile properties of MJF PA12 from current literature.

From a design perspective, the stress-strain curve also provides essential information for the choice of a
constitutive model. The response of MJF-PA12 under quasi-static tensile loading is similar to that of other
thermoplastics polymers, with a smooth transition from the initial elastic response to irreversible plastic
deformation and no clear yield point. This type of stress-strain response can be conveniently fit with a

Ramberg-Osgood type of relationship as per eq. (1):
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e = %+ (%)” (1)
in which n is a strain hardening exponent and H is an additional constant that can be determined following the
procedure outlined in [37] and based on a linear regression of the logarithms of stress and plastic strain. As
shown in Fig. 3, an excellent fit (R?> =0.998) of experimental data for test 1 was obtained with the following

values: n =0.228, H = 91.81 MPa and E = 1650 MPa.
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Fig. 3: Fitting of MJF-PAL12 tensile stress-strain curve with Ramberg-Osgood equation, eq. (1).

While Ramberg-Osgood equation can be useful when developing analytical models, as for example for the
study of notch behavior in presence of plasticity, it has to be remarked that this approach is purely
phenomenological. A more detailed constitutive modelling of thermoplastic polymers remains challenging and
requires the use of advanced visco-plastic laws to account for both the viscous and the plastic contributions.
Ideally, for additively manufactured polymers such models should also take into account anisotropic effects
and asymmetric behavior in tension and compression [38]. For SLS-PA12 attempts in this directions have
already been presented in [39], where the strain rate-dependent behavior was simulated numerically comparing
visco-plastic material models of Chaboche and Bodner-Partom, and in [40], where the so-called Three Network
(TN) material model was considered. In practice, theoretical development, numerical implementation and
definition of test procedures for material parameters determination is a difficult task, although a finite-strain
viscoelastic-viscoplastic constitutive model based on the logarithmic stress rate was recently developed in [41]

for the matrix of MJF PA12.
3.2. Tensile tests — smooth and notched specimens

Results of tensile tests on smooth and notched specimens are reported in Fig. 4, in which the nominal stress

was determined as the ratio between applied load and the minimum net section area. It must be noted that while
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specimens were gripped by keeping the same distance between the clamps, the minimum cross-section of the
Smooth specimen (21 mm?) was larger than the one of the notched specimens (15 mm?, for both notches).
Interestingly, the presence of the notch affects the overall behavior of the tested specimens, with crosshead
displacement at break of the Smooth specimens being higher than that of the R-notched and V-notched ones.
Comparing UTS, the Smooth specimens broke at ~ 50.9 MPa average, a slightly higher value than dumbbells
but still within the expected range. For R-notched specimens UTS was instead ~ 46.9 MPa whereas for V-
notched a value of =~ 39.5 MPa was identified. In this regard, one should note that the UTS of the smooth
specimens was slightly higher than the one obtained from dumbbells specimens. While direct comparison
might not be so straightforward because of the different geometries, MJF can exhibit (as recently reported in
[41]) some sensitivity to strain rate effects and this discrepancy could be related to the different testing

conditions, with tests on smooth samples being relatively faster.
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Fig. 4: Results of the tensile tests on Smooth, R-Notched and V-Notched specimens

Considering that the K; value for Smooth specimens was close to 1, this specimen geometry can be considered
an approximate representation of the un-notched condition, as also indicated by the fact that its UTS was even
higher than the one dumbbell tests. An experimental notch factor at failure under static loading, Ks, can thus

be estimated as per eq. (2):

UTSsmooth

Koy = —22 2
st UTSnotched

(2)
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This resulted in Ky = 1.09 for the R-Notched and K= 1.29 for the V-notched, with the former being closer to
its theoretical K; value of 1.31 while the latter being significantly lower (VV-notched K; = 3.82).

Considering the severe 0.3 mm tip radius of the VV-notched specimens, the ductility of the material may have
helped by redistributing the high peak stress over a small area ahead of the tip, resulting in an experimental
notch factor for static failure Kst much lower than the theoretical K. For the round notch this effect was less
noticeable because the notch is less severe and causes smaller stress gradients.

While there are no investigations on notched MJF-PA12, it should be noted that findings of the present work
are only in partial agreement with those reported in [12] in which SLS-PA12 and IM-PA12 notched specimens
reached higher UTS than the unnotched specimens. This notch strengthening effect was attributed to an
increasing load carrying capacity of the notched area after local yielding. According to [12], the increasing
stress induced voids nucleation in the localized plastic zone near the notch, eventually leading to crazing and
macroscopic brittle failure perpendicular to the loading direction. In the present work, UTS of notched
specimen was closer than theoretically expected to UTS of un-notched specimens, but not higher and it was
not possible to assess the presence of crazing. On the other hand, it should also be noted that the V-Notched
specimen geometry differs a lot from the one tested in [12] making a direct comparison quite complex.

The analysis of the response in presence of different notch geometries also allows some preliminary
considerations on a possible application of the theory of critical distances (TCD) to MJF-PA12. The TCD is a
group of theories which use a common critical distance, L, to assess the local stresses ahead of a stress
concentrator apex. The TCD has been formalized into four methods which include the Point Method (PM), the
Line Method (LM), the Area Method (AM), and the Volume Method (VM) [42]. As observed in [43], while
the volume method and the area method represent very elegant formalizations of the TCD, in practice their use
is more cumbersome, whereas line and point method greatly simplify the practical application of TCD. In
particular, using the PM is relatively easy for notched parts under tensile loads and several examples of its
application are reported for different 3D printed polymers in the current literature [27,44-47]. For the PM

method, the mathematical definition of L is given in eq. (3):

L= 1(@)2 3)

T\ 0y
where gy is the so-called materials inherent strength, which may be higher than UTS, and Kic is the plane strain

fracture toughness. According to PM method for example, failure will occur when the stress at a critical
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distance L/2 reaches the value o, [48]. TCD parameters L and o, are usually determined experimentally for
each material. For example, one can plot the critical stress-distance curve in the incipient failure condition for
two geometric configurations containing different stress concentration features.

For the present case, R-notched and V-notched were assumed as blunt and sharp configurations respectively
and their stress-distance curves were determined by means of a 2D FEM model assuming a linear elastic
behavior and a plane stress formulation. Results are reported in Fig. 5 and led to a L/2 estimate of 0.379 mm

whereas g, was 50.4 MPa.
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Fig. 5: Linear elastic stress-distance curve in the incipient failure condition. Chart used for the determination of

the TCD parameters o, and L/2.

Of course, in order to validate TCD applicability, further tests should be carried out on specimens with different
notches, to check whether the failure loads predicted with TCD are coherent with experimental results. Quite
interestingly, following [49] by rewriting eq. (3) as per eq. (4), the plane strain fracture toughness can also be
determined as:

K¢ = aoVrL 4)
With the TCD parameters previously determined, for MJF-PA12 under investigation, a value of Kc of 2.46
MPa\m can be calculated. Unfortunately, it is not yet possible to directly compare this result with experimental
studies on fracture toughness of MJF-PA12, since to the best of the authors’ knowledge such data is not
available in current literature and performing similar investigations was beyond the purpose of the present
work. However, some data is available for SLS-PA12: a Kic value of 3.2+1.2 MPa\Vm was reported in [50],

whereas for samples printed in XY, Kic was in the range 2.182-2.902 MPaVm in [51]. Despite the variability
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of these results, considering the similarities between SLS and MJF, the predicted value seems to fall within a
plausible range. Of course, further research is certainly needed, concerning both different notch geometries
and direct experimental testing of MJF-PA12 fracture toughness.

In the end, it is worth remembering that an analysis of the notch radius effect in SLS PA12 specimens was
presented in [27], together with the application of the PM TCD, with a successful experimental validation of
their apparent fracture toughness obtained via fracture tests with sharp crack specimens.

In conclusion, it should also be remarked that results of the present study refer to samples printed flat in the
XY plane and further investigations are needed to assess TCD parameters and notch effect for different printing
directions. Moreover, in a recent paper [52], the effects of changing specimen orientation for a given building
direction were also investigated. While the results showed that MJFPA12 is not sensitive to planar orientation
when specimens are printed flat (as in our study), this so-called secondary orientation may affect properties

for the other printing directions.
3.3. Fatigue life curves

The experimental data obtained for the three families of specimen tested are summarized in Fig. 6, in the form
of a traditional log-log Smax-Nr curve, with Smax being the peak stress of the loading cycle and including run-out

at 10° cycles.
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Fig. 6: Fatigue life (S-N) curves with regression as per eg. (5). a) Smooth specimens; b) R-Notched specimens; ¢)
V-Notched specimens; d) All families. a), b) and c) also include upper and lower confidence limits at 90%

confidence level (UCL and LCL respectively).

Similarly to what prescribed by Standard ISO 12107 for metallic materials, the experimental stress-life data
were processed and a linear regression of the number of cycles to failure, Ny, vs. the maximum applied stress,
Smax, Was carried out in log-log coordinates. Specifically, fatigue data were fit with the Basquin-like power law

equation (5):

Smax = A(N;)" (5)

where, A and B are constants, which were in fact determined through linear regression of the experimental

results in the finite life regime via eq. (6):

Log(Symax) = Log(4) + B Log(Nf) (6)

Ideally, further tests should be carried out in the infinite life region to determine the fatigue strength with the
staircase method. However, applying the staircase method to achieve an accurate fatigue strength identification
would require a much higher number of specimens and much longer tests due to the low frequency chosen to

avoid self-heating issues. For this reason, a fatigue strength was instead estimated from equation (5) as the Smax
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associated with 10° cycles (Ny) to still allow for some additional fatigue notch sensitivity considerations. In
particular, the estimated fatigue strength at 10° cycles for the Smooth specimen was 27.7 MPa, whereas for R-
notched and V-notched specimens the values were respectively 27.8 MPa and 19.1 MPa.

Results are summarized in Tab. 2, which also includes the applied peak stress Smax for the specimens that ran-
out after 10° cycles and the scatter index at 10° cycles, T,,s (defined as the load ratio between the upper and
lower confidence limit at 10° cycles). Evidently, the stress that the Smooth specimens could withstand for 10°
cycles was very close to the 28-30 MPa range predicted in [23] for tests with a stress ratio R = 0.1. This result
shows that the estimated fatigue strength of this class of 3D printed materials can be surprisingly high even in
comparison with thermoplastic semicrystalline polymers manufactured with conventional methods, despite the

possible presence of defects inherently created by the layer-by-layer processing.

B+ A+ Smax for 106 cycles: | Estimated fatigue limit (MPa) | Scatter index at

std.dev. std.dev. ran-out specimens at 108 cycles from eq. (5) {108 cycles, T g6
Smooth '8:88;‘7“* gf‘é 24.8 277 1.84
R-Notched '8:8355 43"311 27.1 278 1.34
V-Notched | 000 o 135 19.1 2.60

Tab. 2: Fitting parameters and peak stress at 10° cycles for the fatigue life curves as per eqg. (5).

Overall, comparison with data available for SLS-PA12 is less straightforward because the few published data
refer to different test conditions in terms of load ratio, specimen shape and frequency. As a reference, tension-
compression tests on cylindrical specimens were performed in [22] and a clear fatigue limit was identified: at
10° cycles, all specimens endured stress amplitudes of at least 18 MPa, with limited differences between plane
Injection Molded and plane SLS specimens. In [25] reversed and rotating bending were considered but the
fatigue life curve were provided without a fatigue strength estimate.

Finally, considering the testing condition of the present work (R ~ 0.05), some cyclic creep with a progressive
shift of the stress-strain cycle during the test along the strain axis was observed, as typically occurs when
polymers or polymeric matric composites undergo cyclic load loading with a non-negligible mean stress
[53,54]. Although the effects of mean stress on fatigue were not specifically investigated in the present study,
it is worth noting that some investigations can be found in literature for polymers and their composites. In [55],

different thermoplastics were tested under fatigue with different load ratios, showing a pronounced effect of
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mean stress. The possibility to apply mean stress equation corrections was also investigated, highlighting some
limitation of typical approaches developed for metal fatigue. In [56], for PEEK composites the effect of tensile
mean stress was more pronounced in the LCF regime compared with the HCF regime, with small or no
difference in fatigue lives between R=0.1 and R= 0.3. This was attributed to increased dependence of fatigue
behavior to the maximum stress and yielding in low cycle fatigue regime, in addition to the stress amplitude.
More specifically for AM polymers, in [57], an investigation of the detrimental effect of superimposed static
stresses on AM PLA’s fatigue strength was carried out, leading to the suggestion to handle the design problem
in terms of maximum stress in the cycle, eventually referring to a unifying design curve in the absence of

specific data.
3.4. Fatigue notch sensitivity

Considering the notch sensitivity, two distinct outcomes were observed. The fatigue behavior of R-notched
specimens was actually very similar to that of Smooth specimens, both considering the slope of the Smax-N:
curve and the estimated fatigue limit at 10° cycles, which was almost equivalent, despite the difference in terms
on theoretical K; value (1.31 for R-notched vs. 1.07 for Smooth specimens).

On the contrary, in presence of a sharper notch (i.e. the V-notched geometry), a substantial reduction of the
fatigue strength could be observed. As for static tensile tests, the effective influence of the stress concentration
determined by the notch were evaluated from experimental data by comparison with Smooth specimens,
assuming again that they represent a reasonable approximation of the un-notched condition. In particular, the

fatigue notch factor K was thus calculated as per eq. (7):

S
K, = max,10%,smooth (7)

Smax,106,notched
which resulted in Ks = 0.996 for R-notched specimens and K; = 1.450 for V-notched ones. An estimate of the
effect of a notch with a given size and shape on the fatigue properties of a material can then be provided by
defining fatigue notch sensitivity as per eq. (8):

Ky —1
K, —1

g = ®)

A material is said to be fully notch sensitive under fatigue if q approaches a value of 1.0 while it is not notch

sensitive if the ratio approaches zero. For a given material, q increases with notch radius, and within a given
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class of materials, g increases with ultimate tensile strength [37]. In general, the discrepancy between K and
K is higher for strongly ductile materials and sharp notches, and lower for more brittle materials and blunt
notches. For the examined configurations, the R-notched has a notch sensitivity close to zero, whereas a value
of 0.159 can be estimated for the V-notch. It should be underlined that these values were determined by
considering the fatigue limit estimated at the highest cycle number within the experimental range of the fatigue
life curves (10° cycles). Considering the different slopes of smooth and notched specimens, different values
may be found for higher cycles number, but further tests should be carried out to properly investigate this
aspect. The value of q being almost zero for R-notched specimens actually reflects the fact that for this
geometry there is very little difference with the smooth specimen in term of fatigue resistance. Interestingly,
for specimen geometries very similar to those used in our studies, but different AM materials, different values
of g were reported in literature. As an example, if considering different AM materials, the current literature
reports different values of q for specimens with very similar geometries to those used for our study. As an
example: in [58] a titanium alloy additively manufactured with DED was tested and the fatigue notch
sensitivity was close to zero; in a previous study on a SLM CoCrMo alloy we found g = 0.4-0.54 depending
on heat treatment; and in [59], for SLM Inconel 718, a value higher than unity was even reported.

These results suggest that the values for fatigue notch sensitivity do not describe the material properties, but
rather a combination of material and “component” properties, including geometrical effects from the build as
also remarked in [59]. It can thus be argued that, when considering the competition between geometry and
local defects generated by the AM process, these latter could be stronger mechanisms for fatigue failure than
global notch geometry if the notch is not severe enough.

Overall, when considering polymers, it should be noted that very little information is available concerning this
point even if these relatively low g values are in line with the ductile nature of the material. As a reference, for
a PP used in the automotive industry a value of 0.34 was reported in [60], for specimens with a hole and
subjected to axial loading. In that study, it was also observed a lower notch sensitivity in the low cycle fatigue
(LCF) region as compared to the high cycle fatigue (HCF) regime. This difference was attributed to the fact
that at positive R-ratios the maximum stresses were close to (or even above) the yield strength of the material.
Therefore, different failure mechanisms may be dominant in different regions, with yielding playing a

dominant role in fatigue failure in LCF, whereas at low stresses (HCF) crazing can play a dominant role.
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Considering the present work, the steepest slope of the V-notched fatigue life curve in comparison with the
Smooth and R-notched ones suggests that a similar effect may be present, although data for this family are
more dispersed than for Smooth and R-notched. It should also be remembered, that considering SLS-PA12, a
partially different behavior was reported in [12,22], where the fatigue resistance at 10° load cycles of notched
and un-notched samples converged to a similar value, whereas the notched samples showed improved fatigue
resistance with respect to the plain samples in the region between 100 and 10° load cycles. This behavior was
associated with the low stress amplitude required in the 10° + 10° cycles region causing the same failure
mechanism (related to mechanical load only) for both plain and notched samples. Cracks nucleated from
unmolten powder particles inside the specimen and hence the peak stress caused by the geometrical stress
raiser did not influence the mechanical failure. Such a load dependent notch-strengthening effect is indeed
similar, though less evident, to the behavior observed for R-notched samples in the present work. A different
behavior was observed instead for the V-notch, suggesting that if the notch is sharp enough, fatigue failure
may be controlled by the stress gradient in the notch region rather than by the defects of the additively
manufactured material.
As previously done for static loading, a preliminary assessment of the applicability of TCD to fatigue of
notched components was also considered. The application of TCD to fatigue problems assumes that fatigue
damage depends on the stress field distribution in the vicinity of the stress concentrator. Accordingly, eq. (9)
shows that notched components are in their fatigue limit condition when the effective stress, Acer, Which
depends on the entire stress field distribution ahead of the tip of the stress concentrator, is equal to the material
plain fatigue limit, Aoo:

Aoyrr = Aoy 9
Different definitions of Acerr were proposed in literature. Considering the PM method, and following [61] one

possible formalization is:
L
Aoyrr = Aoy (9 =0,r= E) = Ag, (10)

In which Aoz is the range of the maximum principal stress and polar coordinates, & and r, are defined as per
Fig. 7.
Regarding the V-notched specimens, a load of 292 N was calculated as corresponding to its estimated fatigue

limit of 19.1 MPa. By applying this load to the previously used FE model, the corresponding Ao resulted
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25.5 MPa at a L/2 distance from the notch root. According to eq. (10), this should also be equal to the material
plain fatigue limit, for which the experimental value is instead 27.7 MPa (see Tab. 2). By comparing the two
values of Aago, the TCD prediction is thus about 8% lower than experiments, well within the error interval of
about 20% which is usually assumed as a reference for TCD predictions to account for variability of fatigue

data [61].

Fig. 7: Notched specimen subjected to a remote uniaxial fatigue loading and polar coordinates system (adapted

from [61]).

3.5. Fatigue failure mechanism

The failure surface of various specimens, fractured under different conditions, were observed at the optical
microscope (Leica DMS300) to investigate the mechanisms dictating failure of the specimens tested in the
present work. Cryogenic fractures of the untested specimens were realized to reveal the internal structure of
the specimen by fracturing it in the most brittle (or least plastic) conditions.

Fig. 8 shows five different fracture conditions for each specimen family: Smooth, R-Notched and V-Notched.

In all cases, the presence of voids could be noticed, and the layered structure was clearly visible.

3.5.1. Fracture surface generated on untested specimens by impact after immersion in liquid nitrogen

(cryogenic conditions, Fig. 8a)

For the V-notched specimens, as one can expect, failure occurred in a brittle manner, on a single fracture plane,
revealing the evident presence of voids and printing layers. By contrast, the surfaces of Smooth and R-notched
specimens revealed a failure surface that was not so severely interested by brittleness despite the harsh

conditions. A less planar surface, with respect to V-notched specimens, was generated with significant

(ol



deviation from the fracture plane (in particular regions contoured by the dashed line), a reduced presence of
holes and slight evidence of layers, suggesting an inherent tougher mechanical response for these types of

specimens and notches.

3.5.2. Fracture surface generated under static conditions (Fig. 8b)

The specimens failed under static conditions did not display any sign of plastic deformation mechanisms,
neither considering the stress-strain curve nor from the fracture surface morphology, consistently with the
small displacement at break. The fracture surfaces show the presence of a flat region, located at one of the
borders, (or at both borders in the case of the V-notched specimens), that seems slightly brighter than the rest,
and a remaining rougher one. This suggests a failure occurring as a process generated by defects located at

specimen borders and rapidly propagating in the inner region.

3.5.3. Fracture surface generated under fatigue conditions at the maximum stress (i.e. low cycle

fatigue, Fig. 8c), and at the minimum stress explored (i.e. high cycle fatique, Fig. 8d)

The fracture surface of specimens failed under fatigue seems to suggest a more extended mechanism than what
observed under static conditions. In fact, the planar fracture surface extended even more with respect to static
loading. By visually inspecting the specimen appearance during the fatigue test, no signs of crack formation
were observed until the last few cycles, when the planar zone generates as early failure process; then, in few
more cycles the rougher zone appears, rapidly causing the final failure. The early cracked zone clearly
evidenced the presence of holes and of the layered structure, suggesting that fatigue failure at the various loads
originated from these types of sub-critical defects, and in particular close to the specimen borders. The rougher
region, related to the faster propagation occurring once the main defect has reached critical size, closely
resembles those generated under cryogenic fracture conditions. Again, Smooth and R-notched specimens
showed similar fracture surfaces, consistently with the similar fatigue strength, where the early failure process
seemed to originate from the outer surface, while in V-notched specimens the first fracture stage apparently
onsets at both the notch tips. No significant differences were shown, for each family, when comparing failure
under the maximum and minimum stress, although, reasonably, for this latter condition the planar region
looked slightly larger in the case of the minimum stress, and the rough region more confined, supporting the

idea of a larger propagation failure of sub-critical defects under lower stress condition.
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3.5.4. Fracture surface generated, in cryogenic conditions, on specimens tested by fatigue and

survived to at least 10° cycles, Fig. 8e

Finally, cryogenic fracture was carried out also on specimens that did not show failure in the early 10° cycles,
with the aim of potentially revealing the presence, if any, of damaging mechanisms that took place during
fatigue test and cumulated in the specimens. Interestingly, fracture surfaces resulted similar to those of unfailed
specimens, suggesting that the cumulated damage is negligible or at least much lower than the amount
preceding fatigue failure.

Of course, because of the viscoelastic behavior of polymers, the self-heating induced by cyclic testing
conditions can also influence fatigue strength in a complex way [62,63]. In general, an increasing specimen
temperature may lead to a deterioration of the fatigue behavior [64] and to a stiffness degradation for polymers
with low glass transition temperature. However, as observed in [12], the temperature increase may also delay
fatigue failure initiated from pores and subsequent micro-voids coalescence, by inhibiting crack nucleation
and propagation thanks to local melting, increased elasticity of the chains or alterations of crystal structure.
Overall, the performed thermo-mechanical characterization of MJF-PA12 confirmed that particular attention
should be paid to self-heating effects during fatigue tests as its glass transition temperature was measured at
43°C, thus being very close to ambient temperature and likely leading to a highly hysteretic fatigue response.
However, for the present investigation, surface temperature never raised more than 3-5°C, and this was only
observed on the Smooth specimens at the highest stress amplitude. In fact, no sudden variations of the stiffness,
possibly related with self-heating were observed. This suggests that specimens testing conditions were far from
those that may lead to thermal failure. However, it must be noted that discerning between the simultaneous
effects of temperature and damage occurring as a consequence of cyclic loading, is especially challenging in

presence of notches [65].
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Fig. 8: Fracture surfaces for the three types of specimen under specific failure conditions: a) untested specimens
fractured under cryogenic conditions; b) specimen failed under quasi-static conditions; c) specimen failed under
fatigue at the maximum applied stress for each polymer (Smooth and R-notched: about 36 MPa; V-notched:
about 31MPa); d) specimen failed under fatigue at the minimum applied stress for each polymer (Smooth and R-
notched: about 29 MPa; V-notch: about 20MPa); e) specimen not failed under fatigue after 106 cycles and post-

fractured under cryogenic conditions.
4. CONCLUSIONS

Multi Jet Fusion (MJF) is a very promising additive manufacturing process for industrial applications because
of its suitability to produce large quantities of high-quality parts in reduced times. Extension to structural

components could be hindered by lack of knowledge on its static and fatigue behavior and associated failure
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mechanisms, as well as on sensitivity to the presence of a notch. To this aim, in the present work, we provided

new relevant data concerning these aspects:

The mechanical performances of MJF-PA12 were comparable to those of PA12 manufactured with
conventional methods in terms of Young’s modulus and strength. The tensile stress-strain curve could
be accurately fit with a Ramberg-Osgood type equation.

Under quasi-static loading, for V-notched specimens, the experimental notch factor at failure Ky was
much lower that the theoretical K:.. For the round notch this effect was less noticeable. Notch
strengthening effects were not observed.

Preliminary investigations show that TCD could be applicable to MJF-PA12 for failure prediction
under quasi-static and fatigue loads but further tests with different notch geometry are necessary to
assess the suitability of the model.

The estimated fatigue strength for Smooth specimens was comparable to literature data on SLS-PA12
or injection molded PA12.

Under cyclic loading, for V-notched specimens, the fatigue notch factor K: was much lower that the
theoretical K:. For the round notch this effect was less noticeable. Notch strengthening effects were
not observed. R-notched showed a fatigue notch sensitivity, , close to zero, whereas a value of 0.159

could be estimated for the VV-notched.
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