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ARTICLE INFO ABSTRACT

Keywords: This research work presents an experimental investigation on the formability and failure of additively manu-
Fo‘rmability factured polymer sheets. To this regard, Nakajima formability tests following different principal strain paths have
Failure ) been conducted on 2 selected FDM-printed polymer sheet materials, polyethylene terephthalate glycol and
ﬁjﬁ;;li‘;:amandacmrmg polycraprolactone, this being carried out for the first time ever, as far as the plastic behavior and formability
PETG study of this kind of 3D printed materials has been limited so far uniquely to conventional tension or compression

PCL tests. The analysis includes the evaluation of the different types of failure under plastic deformation for each
material considered, allowing the assessment of the overall formability limits within the materials forming limit
diagrams combined with the failure evaluation performed via optical microscopy. Thus, the results provided the
overall characterization in terms of sheet formability and the comprehensive assessment of the different failure
modes and the forming conditions upon which each type of failure is attained for each of the two printed ma-
terials. Furthermore, these results allow the authors to create an essential evaluation framework for the ongoing
research on process hybridization including the combination of 3D printing technologies with innovative forming

processes such as incremental sheet forming.

1. Introduction

Manufacturers constantly search for new technologies to satisfy all
aspects of the growing demand of the market. For this purpose, additive
manufacturing (AM), which started out as a rapid prototyping tech-
nique, is nowadays revolutionizing and decentralizing industrial pro-
duction. There are several AM technologies available for metal, polymer
and, more recently, for composite materials [1], sharing several benefits,
being one of the most notable is the reduction in time required to bring a
product to market, achieved through the acceleration of the prototyping
process and a decrease in the costs associated with product development
[2]. Furthermore, the range of AM applications covers conventional to
advance industries as aerospace or the automotive [3], attracted by the
light weighting of structures in the search for green mobility, superior
fuel efficiency, and handling. Beyond that, the biomedical sector is also
in the list of applications of AM due to its interest in the manufacturing
of customized prostheses [4,5] or in tissue engineering appealing to the
possibility of the manufacturing of personalized scaffolds that allow the
integration of medicalization [6-8].

Among all the available AM technologies, Fused Deposition
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Modeling (FDM) (see Fig. 1a), also known as 3D printing, Fused Fila-
ment Fabrication (FFF) or in a new and broad consideration as Material
Extrusion (MEXx), is being a widely used option and a profitable oppor-
tunity. Furthermore, due to the ease of printing and the use of advanced
thermoplastics such as Polyether ether ketone (PEEK) [9], polymers are
receiving increasing interest for the production of lightweight and
structural parts.

The main research activities in the field of AM, and particularly in
FDM, are focused today on investigating a number of the printed com-
ponents such as thermal conductivity, electrical conductivity or chem-
ical resistance [10-14]. However, a significant number of research
works in the field of AM/FDM aim to evaluating their mechanical
properties, including tensile strength, flexural strength or impact resis-
tance both for virgin or combined materials. Related to this, some re-
views have recently come to light that include recommended guidelines
in a standardized approach that can allow the comparison of published
results and help in the development of FDM technology for advanced
applications [15]. Other work documents the latest advances in inter-
face printed parts to provide a complete understanding of the process,
structure, and interlayer bond for this technology [16].
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As has just been pointed out, the mechanical characterization of
printed parts is capturing enough research attention as FDM continues to
advance, since there is still the problem of converting printed parts into
functional components for actual use. To this regard, researchers have
been mainly focused on understanding and evaluating the mechanical
properties due to the weak and anisotropic mechanical behavior of the
3D printed components compared to those obtained by conventional
processing. In the specific case of FDM, the lack of appropriate stan-
dards, specifically designed to consistently test the tensile properties of
polymeric parts and compare them with common products, is a major
obstacle to the wide application of additively manufactured polymer
parts in industry [17].

Related to that, very few papers have dealt so far with the evaluation
of the plastic behavior of 3D printed materials, neither in FDM nor in any
other AM technology. As exposed above, the work analysing 3D printed
parts formability is limited to the material plastic characterization via
uniaxial tension (or compression) tests. However, there is a lack of
knowledge about other plastic behavior properties including their
evaluation under different strain paths. This factor is of key importance
in process hybridization, including the combination of AM technologies
with conventional sheet-forming processes or even innovative processes
such as incremental sheet forming. One of the main limitations of using
incremental sheet forming for a certain purpose, such as the manufac-
ture of biocompatible sheet prostheses, is that the definition of the sheet
blank is limited by the industrial suppliers. In this respect, not every
thickness might be potentially available and sometimes the blank ge-
ometries need previous machining operations that may not be suitable in
the biomedical sector. Thus, the use of AM technologies could allow
manufactures to obtain and design their own sheet blank including
controlled materials, shapes, and thicknesses, in this latter case allowing
blank with variable sheet thickness that could be suitable, after forming
and the expected local thickness variations, for certain analytical con-
tours. Beyond that, sheet forming allows for, in many cases, the
improvement of certain materials properties such as the material
strength via yielding.

In this context, sheet formability is the term used to determine the
degree of deformation to which a sheet material can be subjected during
a forming process following a specific strain path. This deformation can
be evaluated using the in-plane principal major strain (¢7) and minor
strain (e2) in the so-called forming limit diagram (FLD) (schematically
depicted in Fig. 1b). Indeed, FLD is an experimental analysis tool in
which the major strain is represented on the ordinate axis and the minor
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strain on the abscises axis in the Cartesian plane, and it presents the
deformation state of the material, the relation between the minor strain
&2 and the major strain ¢; the strain ratio (p), and is given by = €2 /é¢;.
The understanding of the limits of formability within the principal strain
space enables the development of a comprehensive framework for
analyzing fracture limits, which is crucial in sheet forming processes.
Although there are widely used and validated techniques to determine
necking and fracture in sheet metal forming, there is an absence of
dedicated methodologies and procedures for polymers, since the form-
ability of these types of materials is influenced by several factors,
including the molecular structure, molecular weight, orientation of the
polymer chain, temperature, strain rate, and presence of any fillers or
additives [18]. In this context, Rosa-Sainz et al. [19] adapted method-
ologies commonly used in sheet metal forming for polymeric sheets,
with the goal of determining the formability limits by necking and
fracture. These methodologies were validated for various polymeric
sheets, including polycarbonate (PC) [19,20], polyether ether ketone
(PEEK) [9], and ultra-high molecular weight polyethylene (UHMWPE)
[21].

In this global context, the objective of this experimental investigation
is to apply for the first time ever the previously described methodologies
to this new kind of polymeric sheet materials, i.e. FDM additively
manufactured polyethylene terephthalate glycol (PETG) and poly-
craprolactone (PCL) sheets, in order to characterize the formability
limits by necking and fracture and obtain the resulting materials forming
limit diagram or FLD. The experimental work is conducted by per-
forming Nakajima tests at room temperature using four different ge-
ometries corresponding to the same number of strain paths from tensile
strain towards equibiaxial strain for both PETG and PCL sheets.

The results are provided not only in terms of the limiting strain
assessed within the FLD material but also analyzing the different modes
of failure attained and the testing conditions upon which each type of
failure is attained. In this sense, different kinds of failure occurred
depending on those testing conditions and strain paths considered,
including localized necking, ductile fracture, and a rare failure phe-
nomenon identified by the authors as interlayer gliding.

In summary, a significant contribution of this research work lies in
being the first time, as far as the authors are aware, that Nakajima tests
are used to characterize additively manufactured sheets. Additionally,
this allowed the assessment of the different modes of failure, including
the new limit within the FLD of the PCL sheet defined by failure via
interlayer gliding. Finally, it must be pointed out that this experimental
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Fig. 1. Schematic representation of (a) fused deposition modeling and (b) forming limit diagram (FLD) depicting the FLC or Forming Limit Curve and the FFL or

Fracture Forming Limit.
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analysis allows the authors to create an essential evaluation framework
for subsequent evaluation in incoming research papers dealing with
process hybridization, including the combination of additive
manufacturing with innovative forming processes such as ISF or other,
enabling the utilization of this hybridization for various applications.

2. Methodology

This section includes the methodology employed, which is divided
into the 3D printing of PETG and PCL sheets, and the subsequent char-
acterization of these printed sheets utilizing Nakajima tests within the
framework of additive manufacturing.

2.1. 3D printing

The investigation was carried out on sheets of polyethylene tere-
phthalate glycol (PETG) and polycaprolactone (PCL) both with 2 mm
thickness, obtained by fused deposition modeling (FDM). PETG material
with a diameter of 2.85 mm was provided by Smart Materials 3D, while
Facilian™ PCL 100 filament, with a diameter of 2.85 mm, was acquired
from the 3D4MAKERS™ material supplier.

Table 1 indicates the mechanical properties of the 3D4MAKERS™
PETG filament material and the Facilian™ PCL 100 filament. According
to the material supplier, the mechanical properties of PETG were tested
using tensile tests according to the ASTM D638 standard and impact
tests according to the ASTM D256 standard. For PCL material, tensile
tests were performed according to the ISO 527-1 standard and impact
tests following the ISO 180-1 standard.

The Ultimaker S3 3D printer was used to print the material sheets,
and Table 2 contains the printing parameters used, whose values were
determined on the previous works [22] and some previous tests carried
out in the laboratory.

Regarding the PCL, the printing temperature was established at the
highest values of the supplier”s recommended range to avoid clogging of
the print cores, maximize the material flowability, and minimize the
internal porous. With respect to the recommended PETG temperature, a
data sheet was used. As will be seen and expected, temperature will be
an important parameter that affects layer composition of the sheet and
its formability. The other important process parameter is the height of
the layer, which also significantly affects the printing quality of sheets,
so with greater layer heights exhibited earlier cracking and breakage
and cracking [22]. As a general guideline, layer heights between 0.08
and 0.3 mm were considered suitable for 0.4 mm nozzles, although the
best results were obtained with sheets printed at 0.08 and 0.1 mm
without much variation between them. Thus, the 0.1 mm setting was
selected due to a substantial reduction in the printing time. 100 % infill
density was established for all manufactured specimens to imitate the
conditions of a homogeneous and isotropic solid structure [23,24]. The
printing pattern also played a crucial role in forming behavior, just as it
affects the results of mechanical properties [22].

2.2. Material characterization

This section contains the methodology followed to determine the
formability limits by necking and fracture for sheets manufactured by

Table 1
Mechanical and thermal properties of PETG and PCL materials at 25 °C extracted
from suppliers.

PETG PCL
Density (g/cm?) 1.27 1.1
Tensile strength (MPa) 50 45
Tensile modulus (MPa) 2100 350
1ZOD Impact Strength (kJ/m?) 8.1 8
Melting temperature (°C) 260 60
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Table 2

Printing parameters for PETG and PCL polymeric materials.
Printer parameters PETG PCL
Layer height (mm) 0.1 0.1
Wall line count 3 3
Infill density (%) 100 100
Printing temperature (°C) 250 160
Build plate temperature (°C) 60 60
Print speed (mm/s) 75 50

Printing direction —45/+45 —45/+45

3D printing with PETG and PCL. The methodologies were adapted from
those commonly applied from metals to polymeric sheets and were used
for the first time in Ref. [19]. The Nakajima geometries were printed
using FDM, and subsequently, peripherical finishing machining was
carried out on their notch zones to improve the surface quality and
prevent stress concentrations, ensuring a defect-free surface and pre-
venting premature failure. These specimens were identified as tensile
strain (TS), plane strain (PS), biaxial strain (BS), and equibiaxial strain
(EBS). The dimensions of the specimens and operating conditions for the
geometries considered are presented in Table 3. The punch speed was set
at 1 mm/s, following the recommended conditions described in standard
ISO 12004-2:2008 [25]. Regarding the clamping force, the necessary
force was applied to properly secure the sheet. For PCL, 30 kN was used,
while for PETG, 10 kKN was used. This difference was due to PETG
experiencing tearing if a force greater than 10 kN was applied as the
punch ascended.

One limitation of 3D printing is that each sheet may have a slightly
different thickness from one print to another. To minimize these dif-
ferences, batches of sheets were printed and only those with a thickness
of 2 £ 0.05 mm were selected to ensure that all test pieces had the
correct thickness. To ensure the repeatability of the results, three rep-
lications of each geometry test were performed.

The formability limits by necking and fracture of both polymeric
materials were determined using Nakajima tests following the ISO
12004-2 standard [25] on a universal testing machine (model 142-20
Erichsen) at room temperature (25 °C). The experimental setup
employed to perform the Nakajima tests comprises three primary com-
ponents: (i) a universal sheet testing machine, (ii) a digital image cor-
relation (DIC) system, and (iii) a force and displacement acquisition
system. A schematic representation of this setup is provided in Fig. 2a. In
the Nakajima test, the specimen is placed between the blank holder and
the backing plate, and the punch is scrolled until the specimen fractures,
or the race end is reached. Strain measurements in the deformation area
were obtained using the DIC system (ARAMIS® v6.2.0 6, GOM, Ger-
many), which is equipped with 2 CCD cameras with an angle of 23.6°
between them and a lens with a focal length of 50 mm (see the schematic
representation in Fig. 2a). Image acquisition was set at 12 frames per
second with a facet size of 13 x 11 pixels. The DIC system requires a
black and white stochastic pattern on the surface of the specimen, which
was obtained by spraying matte black on a white background, resulting
in the stochastic pattern. To minimize friction between the punch and
the polymeric specimens, we sandwiched a layer of polytetrafluoro-
ethylene (PTFE) between two layers of Vaseline.

The formability limits by necking and fracture of both polymeric
materials were characterized by Nakajima tests. In this sense, necking is
a mode of failure that occurs under tension when large amounts of strain
are disproportionately located in a small region of the material. The
time-dependent methodology previously described by Ref. [7] was used
to detect the onset of necking in 3D printed polymeric sheets in this
experimental research. This approach is based on experimental evidence
of initiation and development, and uses the temporal analysis of major
strain ¢; and its first-time derivative &;, or major strain rate, for a series
of points along a section perpendicular to the necking area. Previous
research by the authors [7] showed that the original approach needed to
be adapted to account for the contrast between the localized thinning
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Table 3
Summary of the experimental work plan for PCL and PETG specimens.
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Test geometry Specimen Operating conditions
Geometry Dimensions (mm) Blank holder force (kN) Velocity (mm/min)
PCL PETG
Tensile strain (TS) : : 1 =200 30 10 60
— w w =230
_
r Iy =5
wo = 15
r=25
Plane strain (PS) - t - 1 =200 30 10
H ‘ w =114
Ly =4
= wo =45
1 r=25
Biaxial strain (BS) . d _ Iy =5 30 10
-— o, wo = 150
) : r=25
P d =182
1 l} { -
N
Equibiaxial strain (EBS) d d =182 30 10

Table 4

Shows the pair of neck strains obtained for the TS specimen by applying the
time-dependent approach. The results indicated that the strain levels were
nearly identical for the three specimens considered. The principal strain at
necking and fracture evaluated using the DIC system are presented in Table 4
along with the standard deviation of these results. As explained in Section 2.2,
these fracture strains allow the determination of the FFL.Table 4. Summary of
the necking and fracture results for PETG material.

Test Repetition Onset of necking
geometry
€1 lim €2 lim
TS_PETG I 0.083 -0.017
I 0.084 —-0.015
11 0.087 —-0.013
Mean 0.084 —0.015
Standard 0.0021 0.002
deviation
Onset of fracture using DIC
TS_PETG 1/11/111 0.2079/0.1993/ —0.0656/-0.0565/-
0.2199 0.0634
Mean 0.2088 —0.0618
Standard 0.0103 0.0047
deviation
PS_PETG 1/11/111 0.1824/0.1756/ —0.0021/-0.0056/
0.1791 —0.0043
Mean 0.1790 —0.004
Standard 0.0034 0.0017
deviation
BS_PETG 1/11/111 0.1496/0.1562/ 0.0367/0.0402/0.0391
0.1587
Mean 0.1547 0.0386
Standard 0.0047 0.0018
deviation
EBS_PETG 1/11/111 0.1568/0.1672/ 0.0432/0.0501/0.0456
0.1593
Mean 0.1610 0.0462
Standard 0.0054 0.0035
deviation

characteristic of metals and the necking behavior of polymers.

In this context, Fig. 2b schematically shows the Nakajima test of the
TS specimen, indicating a series of points on the surface of the specimen
to establish the instability region of the necking zone. The process for

applying the time-dependent methodology is detailed as follows: (i)
Identify the two reference points at the necking zone: point A and point
B (PA and PB). Point A corresponds to where necking starts, and point B
is the first point where strain starts to decrease. The representation of the
major strain with time was carried out for several points along a section
perpendicular to the necking site (e.g., points PA, P1, ..., PN, PB) was
carried out to identify these two points (see Fig. 2b). (ii) Identify the
boundary of the instability region between point A and point B. This
region allows one to observe how the points have a monotonic increase
in strains, which ceases at point B (see Fig. 2b). (iii) Fig. 2c represents
the evolution of the strain rate of point B with time. The methodology
assumes that the onset of necking occurs at the instant when the strain
rate for point B reaches a local maximum (point B strain rate max in
Fig. 2¢). (iv) Finally, the limit strains at the onset of the necking will
correspond to the strains at point A (depicted in Fig. 2c) at the instant of
time “t necking”.

Regarding fracture formability limits, the authors in previous
experimental work [9,19,20] discussed that the initial methodology for
determining the fracture forming limit in metal sheets [26] must be
adjusted for polymers due to the propagation of necking in polymers
along the entire length of the specimen. In this regard, due to the rela-
tively low value of the Young modulus of elasticity of polymeric mate-
rials compared to metallic materials, significant material elastic
recovery occurs after fracture. For this, the methodology included in
Ref. [19], shown that it was more accurate to consider that the minor
fracture strain at fracture (designated as s;f) is obtained considering that

the slope of the local strain loading path slope (i.e. f° = &5/¢1) remains

constant. The slope (") was obtained at the last measured strains by DIC

system (7€, e5') as: f° = deb’/ded™ for determining the fracture

forming limit (FFL). More details on this methodology can be found in
Ref. [19]. In addition to the time-dependent method, the evolutions of
forces and displacement will be analyzed for each material and each
specimen, with the aim of qualitatively assessing the presence of plastic
instability leading to necking [27].

3. Experimental results

This section presents the results of applying the previous
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Fig. 2. (a) Schematic representation of the Nakajima test. (b) Evolution of the major strains over time for the necking region and (c) the time-dependent approach

adapted from Ref. [19].

methodologies described in section 2 to the evaluation of the formability
limits by necking and fracture for PETG and PCL with 2 mm thickness
materials.

3.1. PETG

This section shows the results obtained for PETG material, including
the results for determining the formability limits by necking and fracture
to establish the PETG forming limit diagram in principal strain space. As
stated in Section 2, PETG Nakajima specimens were 3D printed with
different geometries, including TS, PS, BS, and EBS.

025 .
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Fig. 3. Application of the methodology to obtain the onset of neck strains for a TS Nakajima specimen. (a) Experimental time evolution of the major strain along the

points of the selected section. (b) Application of the time-dependent approach.

3.1.1. Necking and fracture analysis

Fig. 3 presents the time-dependent approach to the PETG TS Naka-
jima specimen. Fig. 3a shows the evolution of points located on a
perpendicular section to the necking area to establish the instability
zone (i.e., between Point A and Point B). Additionally, the major strain
distribution obtained by the ARAMIS® system is indicated in Fig. 3a.
Fig. 3b shows the evolution of the major strain with time for Point A and
Point B, as well as the major strain rate for Point B. In this sense, the
evolution of the major strain rate for Point B enabled identification of its
local maximum and thus the instantaneous time of the onset of necking.
The methodology used allowed for the determination of the limit strains
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at the point of the onset of necking, which corresponded to the strains at
Point A during the TS PETG Nakajima specimen at a specific moment in
time.

Fig. 4a, b, and 4c show the attempt to apply the time-dependent
approach for PS, BS, and EBS Nakajima specimens, respectively. The
approach revealed that the strain of a series of points along a section
perpendicular to the necking area did not show cessation, as previously
observed for the TS PETG Nakajima specimens. The analysis of the major
strain evolution for PS, BS and EBS over time revealed that the point A,
where necking begins, undergoes the most significant deformation and
eventually leads to the fracture of the specimen. On the other hand, the
other points undergo a gradual deformation and do not achieve higher
strains, as the specimen fractures before they can continue to deform
further. The conclusion drawn was that the neck was not discernible
through the time-dependent approach, as evidenced by examining the
points in a perpendicular section, and no deceleration was observed. As
a result, it was not feasible to identify point B, and thus, the instability
region could not be determined using the time-dependent approach for
PS, BS and EBS specimens.

The analysis utilizing a time-dependent methodology revealed the
PETG Nakajima onset of necking in the TS specimen, in addition, it was
indicated that necking was not a mode of failure for the PS, BS, and EBS
Nakajima specimens. This conclusion was supported by the analysis of
the force-displacement behavior, as depicted in Fig. 5a, which displays a
slight reduction in force at the moment of necking for the Nakajima TS
test, and by the uniform distribution of the major strain for Nakajima PS,

Polymer Testing 134 (2024) 108431

BS and EBS tests up to failure by fracture. As can be observed for the four
specimens, the force-displacement curve shows noise throughout the
test. This phenomenon may be due to the low adhesion between the
layers of printed material, in the case of PCL, as will be seen later, this
observation in the force-displacement is not quite as noticeable.
Furthermore, Fig. 5b depicts the Nakajima specimens after testing, as
can be observed, the material exhibits a lack of ductility, breaking at a
low degree of deformation.

Fig. 6 shows the fractographies of the examined specimens, which
were analyzed using a NIKON® SMZ800 N at a magnification of x10.
The specimens were sectioned along the indicated dotted red line in
each image, polished, and subsequently observed on the surface using an
optical microscope. In general, for polymers, three distinct regions are
clearly discernible: the necking zone (indicated as “I”), the transition
zone (marked as “I"’) and the fracture zone (represented as “III”) [28].
The neck zone represents the area where significant localized defor-
mation occurred, while the transition zone denotes the boundary be-
tween the neck region and the elongated area. The fracture zone denotes
the location where the specimen experienced a fracture.

In Fig. 6a, the cross sectional fractography of the TS specimen can be
observed, along with the TS specimen to the right of the image. In this
fractography, a local necking (marked I) can be observed in the spec-
imen, with a smooth transition zone (II) between this necking and the
undeformed area, followed by an open fracture (marked III). Addition-
ally, a second necking is observed in this specimen, indicated by a white
rectangle, where a transition zone in the local necking can be observed.
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Fig. 4. Experimental time evolution of the major strain along the points of the selected section for (a) PS, (b) BS and (c) EBS PETG Nakajima specimens.
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Fig. 5. (a) Force displacement for PETG Nakajima tests and (b) specimens after fracture.

(b)

Fig. 6. Fractography of PETG Nakajima specimens: (a) TS and (b) PS.

In Fig. 6b, the fractographic analysis of the cut section of the PS
specimen is depicted, accompanied by the PS specimen positioned to the
right within the image. In contrast to the previous TS Nakajima spec-
imen, the presence of a visually distinguishable neck zone was not
observed in this particular specimen, as determined by time-dependent
analysis. The fractography only revealed the presence of the fracture
zone. Furthermore, fractographies of both BS and EBS specimens were
performed in order to validate the absence of localized neck failure
mode.

3.1.2. Failure modes

Fig. 7 presents the fractographies of the TS and EBS specimens for the
purpose of analyzing their mode of failure. According to the literature
[29], the fracture process of printed parts is primarily attributed to the
additive manufacturing process that leads to delamination between
adjacent layers of welded material. Porous regions or inadequate
interlayer bonding (light delamination) can serve as a point of crack
initiation and result in premature failure of components. The results of

the Nakajima tests indicate that PETG exhibits a ductiless fracture. The
fractography of the TS specimen in Fig. 7a depicts another instance of
the TS specimens conducted to ensure repeatability. In this context, it
presents a fracture termination slightly different from that of the TS
specimen depicted in Fig. 6a, specifically with a more tightly closed
fracture observed in this case. In both fractographs (TS and EBS speci-
mens), the printed layers in the material can be observed.

As described in section 2.2, the Nakajima tests were conducted at 60
mm/min as indicated in the ISO standard for the determination of the
FLC in sheet metal [25]. The results of the PETG material subjected to
these tests showed a lack of ductility in the material when tested at the
mentioned speed. In this sense, this result is consistent with the findings
of the study conducted by Ergene and Bolat [30], where uniaxial tensile
tests were performed on PETG AM manufactured specimens at three
different test speeds: 5 mm/min, 25 mm/min, and 50 mm/min. Failure
was evaluated through inspections of deformation on both macro and
micro-scales. The results showed that PETG specimens underwent
ductile deformation at a low test speed of 5 mm/min, and as the test
speed increased, mixed-mode mechanisms became increasingly domi-
nant, leading to completely brittle damage observed in the PETG spec-
imens at test speeds of 25 mm/min and 50 mm/min.
Mercado-Colmenero et al. [31] found the same result for AM-made
PETG material, revealed that the fracture process of structural ele-
ments manufactured in the Z direction was the result of the delamina-
tion and breakage of the plastic filaments in the adjacent layers located
on the supports. Furthermore, the study [31] demonstrated that this
form of fracture is not completely brittle, as the plastic material un-
dergoes a hardening process through plasticization in the regions where
the fractures are propagating.

3.1.3. FLD

Fig. 8 shows the PETG 3D printed sheets in the forming limit diagram
(FLD) in principal strain space. In the FLD, the principal strain path of
one representative test for each Nakajima geometry is presented.
However, it must be pointed out that at least 3 successful tests were
conducted for each geometry in order to provide statistical meaning to
the results. For both necking (to determine the forming limit curve, FLC)
and fracture strains (to determine the fracture forming limit line, FFL),
the mean value of the corresponding principal strain results is depicted
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Fig. 7. Layer observation in (a) TS and (b) EBS Nakajima PETG specimens.
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Fig. 8. Formability limits for 3D printed PETG sheets with 2 mm thickness
obtained by means of Nakajima specimens.

in the FLD. Only the TS specimen demonstrated necking as a failure
mode. Consequently, the FLC curve was not included. Instead, a gray
square represents the strain pairs at the onset of the neck, corresponding
to the conditions of the TS specimen. The FFL was constructed using
black solid markers, which correspond to the strain pairs at the final DIC
measurement according to the methodology explained in section 2.
Upon examination of the strain paths, it was observed that the TS
specimen approached f = — 0.3, which was a result of its initial ge-
ometry. The PS specimen adhered to the plane strain path imposed by its
initial geometry. Regarding the BS and EBS specimens, at the beginning
of the test the strain paths follow a condition of biaxiality and equi-
biaxiality, but then they change towards a plane strain condition (at
approximately a major strain of 0.04 for both specimens, as can be seen
in Fig. 8). When the punch starts to contact the surface of the sheet, the
side in contact with the punch might be under compression, whereas the
other side is under tension. As the punch progresses, the tension on the
outer surface of the sheet induces these layers to fracture. The observed
change for BS and EBS may be due to the intrinsic characteristics of the
printed material and the printing process. Nevertheless, a more in-depth

(b)

study would be needed to understand the reasons that may cause this
clivage of the strains under these conditions.

3.2. PCL

This section outlines the findings concerning the PCL material,
explained in necking and fracture analysis, discussion of failure modes,
and the obtained forming limit diagram.

3.2.1. Necking and fracture analysis

PCL sheets were printed to obtain Nakajima specimens with different
geometries, including tensile strain (TS), plane strain (PS), biaxial strain
(BS), and equibiaxial strain (EBS).

Fig. 9 shows the application of the time-dependent approach to
Nakajima specimens TS (Fig. 9a and b) and PS (Fig. 9c and d), along with
a specimen image of the major strain provided by the DIC system. For
the PCL TS Nakajima specimen, the time-dependent approach allowed
the identification of Point A and B, which defined the instability region
(Fig. 9a), where point B is the first point where the strain starts to
decrease (Fig. 9b). By means of the evolution of the strain rate for Point
B, the local maximum was clearly identified é*f,mx and thus, the time
instant at the onset of necking tyecking. Finally, this approach allowed to
obtain the limit strains at the onset of necking that correspond to the
strains at point A strains, &1 jim £25im at the time instant tyecking.

Fig. 9c and d shows the application of the time-dependent approach
for a PS Nakajima specimen, which was similar to the previous case (TS
specimen). The instability region was defined between point A and Point
B, with Point B being the first point where the strain begins to decrease
(see Fig. 9c¢). Fig. 9d allowed the determination of the local maximum
&% e for Point B to establish the onset of necking.

Table 5 contains the pair of neck strains obtained for the TS and PS
specimens by applying the time-dependent approach. The results
showed that the strain levels were nearly identical for the three speci-
mens considered and for each of the geometries. Additionally, Table 5
presents the strain measurements obtained by the DIC system, alongside
their corresponding standard deviations. As explained in Section 2.2,
these strain values are used to determine the FFL.

Fig. 10 shows the application of the time-dependent methodology to
BS and EBS Nakajima specimens. Starting with the BS specimen (as
depicted in Fig. 10a), the analysis showed that the strain of a series of
points along a section perpendicular to the crack did not show any
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Fig. 9. Experimental time evolution of the major strain along the points of the selected section and application of the time-dependent approach: (a) (b) TS Nakajima

specimen, and (c) (d) PS Nakajima specimen.

Table 5
Summary of the necking and fracture results for PCL material.

Test Repetition Onset of necking
geometry
€1 lim €2]im
TS_PCL I 0.119 —0.030
I 0.116 —0.028
11 0.112 —0.022
Mean 0.116 —0,027
Standard 0.0035 0.0042
deviation
PS_PCL I 0.110 0.003
I 0.116 0.002
111 0.113 0.003
Mean 0.1128 0.0028
Standard 0.0027 0.0004
deviation
Onset of fracture using DIC
TS_PCL 1/11/111 0.8945/0.8912/ —0.0656/-0.0565/-
0.8901 0.0634
Mean 0.8919 —0.1760
Standard 0.0022 0.0056
deviation
TS_PCL 1/11/111 0.9050/0.9123/ —0.04/-0.041/-0.038
0.9165
Mean 0.9112 —0.0396
Standard 0.0058 0.0015
deviation
BS_PCL 1/11/111 0.8475/0.8498/ 0.3305/0.3300/0.324
0.8325
Mean 0.8432 0.3283
Standard 0.0093 0.0037
deviation
EBS_PCL 1/11/111 0.7558/0.754/ 0.5825/0.5973/0.603
0.7405
Mean 0.7501 0.5942
Standard 0.0083 0.0106
deviation

decrease. The same result was observed for the EBS Nakajima specimen
(see Fig. 10b), where the strain of a series of points continuously
increased until the end of the test. Therefore, the derivative of the major
strain of all the points studied cannot exhibit a maximum value. This
observation provided the initial indication that necking may not be a
mode of failure for PCL-made BS and EBS specimens. However, the DIC
images showed a concentration of strain in the central region of the
specimen. To establish whether necking took place in the BS and EBS
specimens, an analysis of the force displacement results was conducted.

Fig. 11 illustrates the evolution of force with displacement for the
geometries studied. Additionally, Fig. 11b provides a visual represen-
tation of Nakajima specimens for TS, PS, BS, and EBS. As observed, the
PCL printed material demonstrated high ductility, with none of the
specimens undergoing fracture during the test and reaching the
maximum displacement allowed by the Erichsen testing machine. In
terms of force-displacement results, a decrease in force is observed in the
TS and PS specimens due to the plastic instability of the necking. In the
case of the BS and EBS specimen, a smoother decrease is observed as a
result of a reduction in thickness. For a thorough examination of these
failure modes, a detailed analysis of the specimen fractographies was
undertaken.

Fig. 12 presents the image analysis of the TS, PS, BS and EBS speci-
mens using the optical microscope. The specimens were cut along the
dotted red line indicated in each image, polished, and then observed on
the surface through an optical microscope. The images were captured
from the frontal plane of the specimens to detect areas of necking or its
absence.

TS and PS specimens exhibited necking during the test, in this sense,
different zones can be observed: designated as “I” for necking and (“II”")
transition zone (transition between the necked area and the elongated
zone). In this case, “zone III” does not apply since none of the specimens
fractured. As for the BS and EBS specimens, they displayed a new failure
mode, as the specimen was capable of deforming due to the separation of
its layers until it reached a state where it was practically a film. In this
experimental study, the specific failure mode has been called “interlayer
gliding”. This failure consists in a separation of the different material
layers (i.e. “interlayer”) and the corresponding through thickness
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Fig. 10. Experimental time evolution of the major strain along the points of the selected section for (a) BS, and (b) EBS PCL Nakajima specimens.
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Fig. 11. (a) Force displacement for the PCL Nakajima tests and (b) specimens after fracture.

separation of those layers (i.e. “gliding”). Due to the phenomenological
observation of this novel failure mode for FDM printed material plasti-
cally deformed using a punch for the first time ever (as far as the authors
are aware), the term “interlayer gliding” was selected assuming that it
represents this new type of failure. Here, one can observe a region where
the polymer behaves akin to a film (“zone IV”) and a transitional stage
leading to that mode of failure (“zone V”).

3.2.2. Failure modes

Fig. 13 shows the primary failure modes observed on the printed PCL
sheets. From a mesoscopic view, PCL specimens exhibited strong cohe-
sion between the printed layers, almost behaved like a conventionally
manufactured polymer (see Fig. 13). As described in Section 3.2.1,
localized necking could be observed in the TS specimen (Fig. 13a),
whereas in the EBS specimen, a significant reduction in thickness was
evident, almost reaching a thin layer or film-like behavior (interlayer
gliding).

To approximate the level of strain at which the interlayer gliding
failure mode occurred, the results were analyzed through the DIC system
and thickness measurements were taken along the specimens. In this
regard, Fig. 14a displays various points analyzed along the thickness of
the EBS specimen. The logarithmic strain in the thickness direction was
calculated (e3), and for a constant strain ratio (f = €2/ €1, ), the major
strain was calculated (applying volume conservation, i.e. &; + €2+ €3 =

0). Fig. 14b shows a contour graph that depicts the thickness mea-
surements obtained along with the major strain for a set of points along
the EBS specimen section. From point 7 to point 8 is when that drastic
change in thickness occurred, which was also evident in the increase in
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major strain. At point 7, there was a major strain of 0.39, and at point 8,
a major strain of 0.7. Likewise, images extracted from the major strain of
the DIC system are displayed. When analyzing the DIC images, it was
noticeable how the strains were uniformly circular due to the geometry
imposed by the punch (in Fig. 14c, on the left side). This strain gradually
shifts to an elliptical shape (in Fig. 14c, on the right side) due to the
reduction in thickness caused by layer separation. This elliptical shape
continues to propagate until the film becomes clearly visible. The same
analysis was conducted to determine the strains of the BS specimen. In
this case, the results were similar to those of the EBS specimen, which
yielded a major strain value for the gliding of 0.4.

3.2.3. FLD

Fig. 15 shows the FLD for PCL 3D printed sheets in the principal
strain space. Within the FLD, one of the three strain paths examined for
each Nakajima geometry is shown. The FLD displays the mean of the
strain results for both necking (used to establish the FLC) and ultimate
strain results (utilized for determining FFL). The time-dependent
approach was successful in identifying the onset of necking in the TS
and PS Nakajima specimens. The necking points for the TS and PS
specimens are denoted on the FLD using gray squares. The FLC is rep-
resented as a gray straight line that extends from the TS region to the PS
region. In the case of the BS and EBS specimens, the average strains
obtained were represented using a black diamond symbol, character-
izing a new failure curve named the “interlayer gliding line” or IGL,
depicted as a dashed gray line in the FLD. This line was depicted with a
10 % scatter band shaded gray.

The FFL was represented as a black straight line was determined
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Fig. 12. Fractography of PCL Nakajima specimens: (a) TS, (b) PS, (c) BS and
(d) EBS.

using the last DIC measured strain points. This procedure was also used
by Rosa-Sainz et al. in Refs. [7,9,10] which showed that the FFL by DIC
should be considered for polymers due to their high level of elastic re-
covery after Nakajima tests.

Regarding the strain paths, the TS specimen followed = —0.3 as
dictated by its geometry, with a major strain of approximately 0.4, the
minor strain remained constant until the end of the test. The PS spec-
imen showed a plane strain path in accordance with its initial geometry.
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The BS specimen demonstrated a biaxial deformation path and similarly
to the TS specimen, its slope underwent a change with a major strain of
approximately 0.5, resulting in a constant minor strain. Finally, the EBS
specimen closely followed the equibiaxial strain path imposed by its
geometry.

4. Discussion evaluation

Table 6 shows the overall results of the study in terms of formability
(maximum major strain obtained), maximum thickness reduction, and
the type of failure found for the four geometries tested in the two
polymeric materials (specimen view and enlarged view). Under the type
of failure, “LN” indicates “Local Neck”, “F” stands for “fracture”, and
“IG” represents “Interlayer Gliding”.

PETG showed low formability values because of the nature of the
material when manufactured by additive manufacturing (this discussion
will be addressed later), resulting in a very non-ductile material whose
layers separate and break as localized force is applied. The maximum
thickness reduction achieved was for the BS and EBS specimens, around
18 %. Regarding the failure mode, only the TS specimen showed local-
ized necking and eventually fracture, while the PS, BS and EBS speci-
mens experienced a fracture of the layers themselves without localized
necking initiation.

However, PCL exhibited a different behavior when manufactured
through additive manufacturing. High levels of formability were ach-
ieved for all specimens tested, the maximum being for the PS specimen
with a major strain of 0.91. The maximum thickness reduction was
observed in the EBS specimen. Regarding failure modes, the TS and PS
specimens showed localized necking that propagated until the end of the
test. The predominant mode observed in BS and EBS specimens was
interlayer gliding, steadily progressing throughout the test without
leading to fracture, ultimately culminating in a state akin to a film at the
conclusion of the test.

In Fig. 16 there is also a visual chart that summarizes all the infor-
mation obtained from the results. In this sense, 3D bars are represented
with blue color for the PETG material and red for the PCL material. In
this context, the gauge length values are represented on the x axis to
indicate the geometries of the tested specimens, which were 15 for TS,
45 for PS, 150 for BS, and 182 for EBS. On the y-axis, the failure mode is
represented, which is indicated by colors: gray for local neck, yellow for
the fracture, and green for interlayer gliding, and on the z-axis, the
values of the maximum major strain obtained are depicted (above each
type of specimen type for clearer visualization).

The strains achieved for PETG demonstrated low ductility, resulting
in its own fracture. The failure mode of the local neck was exclusively
manifested in the TS specimen (blue bar with 0.21 major strain in the
local neck area), while in the remaining cases, it led to fracture (see blue
bars in the fracture zone, PS, BS and EBS). This early fracture could pose
an issue for PETG sheets and subsequent applications with this material.
PCL exhibited high levels of formability, local necking was observed in
the TS and PS specimens (red bars in the local neck zone), and the

(2

Fig. 13. Layer observation in (a) Nakajima PCL (local neck) and (b) EBS (interlayer gliding) specimens.
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Fig. 14. (a) Perpendicular cross-sectional view of the specimen and thickness measurement. (b) Thickness versus major strain across points along thickness. (c)

Evolution of the surface and the major strain over time for the EBS specimen.

material experienced a new failure mode associated with layer sliding
capable of propagating until the end of the test (red bars in the interlayer
gliding zone). This interlayer gliding failure mode may be a concern to
consider when deform FDM-printed sheets, including their
characterization.

The melting temperature of PETG ranges between 250 and 260 °C,
while that of PCL is around 60 °C. PETG material is printed layer by layer
at 250 °C, and the preceding layer onto which the next is extruded is in a
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much colder state than the layer deposited at that moment. In the case of
PCL, which melts at 60 °C, the layers being printed are melted at the
time of deposition, allowing for better adhesion between all layers. This
difference in cooling ability between PETG and PCL is due to several
physical and thermal properties. Among them are thermal conductivity
and specific heat capacity. PETG has a thermal conductivity of 0.15-0.3
W/mK, while PCL ranges from 0.1 to 0.2 W/mK [32]. Materials with
higher thermal conductivity will dissipate heat more rapidly, thus
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Fig. 15. Formability limits for 3D printed PCL sheets with 2 mm thickness
obtained by means of Nakajima specimens.

cooling faster. Regarding the specific heat capacity, PETG ranges from
1.0 to 1.2 J/(g-K), whereas PCL ranges from 1.5 to 1.7 J/(g-K) [32]. In
this sense, materials with a higher specific heat capacity can retain more
heat before cooling down.

Furthermore, the glass transition temperatures (Tg) of each material
are significant factors, with PETG exhibiting a Tg of 80 °C and PCL of
—60 °C [32]. In the case of PETG, deformation occurs at room temper-
ature (25 °C), which is below its glass transition temperature. When
temperatures fall below Tg, polymeric materials tend to show increased
rigidity and brittleness, restricted by limited molecular mobility,
resulting in more brittle behavior of the material [33].

In contrast, PCL experiences deformation at room temperature,
surpassing its glass transition temperature. Above this critical temper-
ature, the material undergoes a transformation, becoming more pliable,
flexible, and less rigid [33]. This shift from a rigid to a more adaptable
state is frequently linked to increased molecular mobility, facilitating
easier movement of polymer chains. Consequently, the material exhibits
a more ductile behavior.

However, as indicated in the methodology section, to avoid clogging
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problems, the temperature used to print PCL was a value in the upper
range recommended by the manufacturer, specifically at 160 °C. This
caused the filament to be printed and deposited on the printing bed so
viscous that the deposited filament was not as circular as in the case of
PETG, but rather because of the fact that the temperature was flatter,
causing a drastic decrease of the intrinsic porosity associated with FDM,
resulting in very good adhesion between layers (through thickness and
in the same layer). Then, a very homogeneous PCL sheet was obtained,
almost without differences between layers, as if it were not printed by
FDM.

Undoubtedly, this difference between the bonding layer of the
printed sheets for both materials is consistent with the behavior
observed and the results obtained during the Nakajima experiment.
Precisely due to the characteristics of PCL itself, together with its
printing, which allows it to be more homogeneous, it exhibits a behavior
different from that of PETG, which provokes this new failure mode of
PCL. Clearly, the layer structure of PETG avoids an possibility of the
appearance of interlayer gliding.

Finally, this investigation aims to characterize the plastic behavior
and failure of FDM-produced polymer materials with the intention of
providing an analytical framework for other manufacturing processes.
With this analytical framework (based on experimental results), a global
context for the comprehensive analysis of such printed materials sub-
jected to further forming processes (such as conventional plastic defor-
mation using press-working machines, punches, and/or dies, as well as
other nonproportional and non-conventional forming processes) is
provided. In this regard, it will enable the evaluation of hybrid
manufacturing processes involving additive manufacturing and incre-
mental forming (single point incremental forming, SPIF), which the
authors are currently working on. The PETG material, as evaluated,
exhibits low ductility behavior due to the aforementioned characteris-
tics. Therefore, during the SPIF process, the material will be subject to
various failure mechanisms, such as cracking, burnout, or porosity,
among others [22]. On the other hand, PCL shows good ductile
behavior, with its primary failure mode described in this article as
interlayer gliding. The authors’ objective is to assess the results obtained
by SPIF from printed PCL sheets and compare them with those obtained
through conventional processes. In this context, the study by Bagudanch
et al. [34] assessed the spifability of a PCL sheet material made through
compression molding, focusing on the effect of spindle speed on SPIF.
Indeed, the PCL exhibited varying failure modes at different speeds, with

Table 6

Summary of the results obtained in terms of principal strain, thickness reduction, and type of failure for PETG and PCL.
PETG PCL
TS PS BS EBS TS PS BS EBS
Maximum g,
0.21 0.18 0.16 0.15 0.90 0.91 0.85 0.75
Maximum thickness reduction (%)
13.3 16.0 18.8 17.5 51.1 58.1 69.0 73.8
Failure
LN F F F LN LN 1G 1G

Specimen view

Enlarged view
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Fig. 16. In 3D, visual representation of the results obtained in terms of the major strain and failure mode based on the gauge width of each specimen.

greater deformation observed at lower speeds, and thus the increase in
formability might not be uniquely due to temperature rise with higher
speed. Compression-molded PCL achieved a major strain of 0.88,
whereas PCL printed using FDM achieved a similar higher strain of 0.91,
indicating a slightly better formability due to improved plate homoge-
neity and prevention of molding defects attained using FDM. Conse-
quently, it is expected that the strains achieved through SPIF will exceed
this maximum strain based on earlier research findings [20,35]. This
result serves to illustrate the potential of the hybrid additive
manufacturing and SPIF process, highlighting its feasibility for various
applications.

5. Conclusions

This work presents several contributions in the context of additive
manufacturing of materials using FDM. The main contributions are
aligned with the comprehensive characterization of the forming limits of
two polymeric sheet materials 3D printed using FDM technology,
marking a pioneering endeavour in this field. Prior investigations in the
literature dealing with formability of FDM printed materials have only
made use of conventional tensile or compression tests for evaluating the
plastic behavior, offering a limited perspective. Central in the analysis of
sheet formability, both in research and industrial contexts, is the
Forming Limit Diagram (FLD). This study established methodologies to
assess FLDs for FDM printed materials, such as PETG and PCL, and un-
covered new configurations of these limits, identifying and analyzing
novel types of modes of failure intrinsically linked to the material’s
structure, stemming from the intricacies of the 3D printing process. On
the other hand, this is a necessary first step for a future analysis of other
forming processes to which those printed materials could be submitted,
providing the resulting FLDs the conventional forming limits and cor-
responding modes of failure of the materials studied.

To this respect, a comprehensive framework for the study and
analysis of hybrid processes has been developed considering the char-
acterization of materials manufactured using additive manufacturing
and their subsequent shaping, either through conventional means or
through innovative shaping processes such as incremental forming.

Furthermore, specific conclusions can be reached: in the case of
PETG material: (i) all the tested specimens displayed low ductile
behavior, indicating low formability levels. (ii) Regarding the failure
modes, only the specimen subjected to tensile strain showed localized
necking, while fracture occurred in plane, biaxial, and equibiaxial strain
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specimens. The primary reason behind this was the lack of cohesion
between the layers, which promoted this early fracture.

However, from the analysis and evaluation of PCL material printed
through additive manufacturing, the following specific conclusions were
drawn: (i) the material exhibited high formability levels, to the extent
that none of the specimens fractured during the tests. (ii) Regarding
failure modes, specimens subjected to tensile and plane strain showed
localized necking. However, biaxial and equibiaxial strain specimens
displayed a different failure mode, termed “interlayer gliding” in this
study. This interlayer gliding was identified as a very weak film of ma-
terial that did not undergo a proper fracture.
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