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ABSTRACT. This study aims to assess the delamination effect and predict the
evolution of damage in 3D printed specimens to investigate the mechanical
behavior occurring due to the delamination of the layers of 3D printed
thermoplastic polymers. Thus, additively manufactured ABS samples are
subjected to tensile tests made for different thicknesses of specimens by
subtracting layer by layer.

The mechanical behavior of the layers and the adherence between the layers
are studied in this paper. The deposition of the layers is modeled as a
laminated material.

The delamination effect on the resistance of printed material is evaluated
experimentally by comparing the mechanical characteristics of homogenously
printed specimens, and laminated layers gathered together. Thus, the global
resistance is reduced significantly due to the lack of adherence.

Besides, crack growth, and critical intensity factor investigation are based on
damage and rupture mechanics theories.

Furthermore, the results allowed us to evaluate the energy behavior of the 3D
printed material subjected to static loads and subsequently predict the
evolution of the damage and find out the impact of layers delamination.
Indeed, we determined three stages of damage along with the critical life
fraction leading to the failure of the specimen.
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INTRODUCTION

has gotten more interest in the last few years, and printing technology has progressed significantly. Many studies have

addressed 3D printed polymers such as PLA and ABS [1].
Many of them have been focusing on the determination of the mechanical behavior of 3D printed polymers through (i) the
study of the effect of printing parameters [2], (i) quality of the filament [3], (ii) mode I stress intensity factor [4].
Nevertheless, other barely studied aspects such as the delamination of ADM polymers, deep analysis of rupture mechanisms,
and damage modeling of 3D printed ABS polymers.
The delamination effect is widely studied in composites and multilayer materials [5]. This phenomenon is recognized as a
ptincipal matter for composites, and much research has tried to deal with composites' heterogeneity and the study of the
interactions between layers [6]. Additive manufacturing (ADM) of polymers has a similar concept, related to the
concatenation of multiple layers according to a specific temperature, pressure, and speed [7]. In fact, the manufacturing
consists of printing the specimens, through the FDM process, layer by layer with a maximum thickness of 0.2 mm until
reaching the normalized one [8]. Thus, the structure of the specimens is not homogenous, and a particular phenomenon
could occur in the zones between layers. The delamination effect is barely studied in ADM polymers [9], [10]. Besides, the
impact of other parameters such as the density, the filling rate, and the crosshead speed on the tensile properties have been
studied in different works [11].
In this paper, the delamination effect on printed material through damage and rupture mechanics has been investigated in
several aspects. Indeed, this investigation has concerned three categories of additively manufactured samples. The first one
concerns pre-cracked samples prepared according to the ASTM codes. The second one involves the delaminated specimens
gathering separated 0.2 mm layers printed separately to construct different thicknesses. The last category concerns ADM
specimens and considers subtracting one 0.2 mm layer for each life fraction, defined as the thickness variation over the
normal thickness (Ae/e).
Then, the aim of damage modelling investigation is to detect the early damage that can be caused on the printed polymers,
such as thickness decrease, chemical reaction, intrinsic defects due to manufacturing process or environmental effect. Thus,
the failed adherence between layers or subtraction of one or more layers is modeled as a severe case of defect as those cited
before. The damage modeling is realized through a modified version of the stress controlled unified theory adapted to
printed material. On the one hand, the damage is given for each level of thickness, through the ratio of residual stress, the
stress corresponding to the endurance limit of the material as explained by the unified theory [16]. On the other hand, an
energy damage modelling is considered based on the evaluation of the area under tensile curves for each level of thickness.
The obtained results had been represented in term of damage and reliability to allow us to detect the stages of the damage
and to prevent accident or early failure of printed polymers.
Among many studies working over 3D printed materials, few ones address the crack growth and stress intensity factor
evaluation [12]. This is one of the topics highlighted in this paper by better understanding the mechanism generated during
the rupture process through the evaluation of the stress intensity factor (Kic) for 3D printed materials.

: ; tudying industrial thermoplastic polymers is widely developed in the literature dealing with extruded ones. 3D printing

METHODS AND MATERIALS

Fused deposition modeling
he used material is Acrylonitrile Butadiene Styrene (ABS), a rigid, heat-resistant, tough engineering plastic that is
I commonly used in many fields. It is an amorphous polymer composed of three monomers, Acrylonitrile, Butadiene,
and Styrene [13].
The printed samples were built in our laboratory layer by layer with 3D printer machine using FDM. The setting up of the
3D printer machine is done according to the shown parameters in the Tab. 1.
Then, the machine builds the specimens in a layer-by-layer fashion. The machine's set parameters and the layer thickness
determine the final product quality. For Fused Deposition Modelling, a layer thickness of 0.2 mm is typical,
for Stereolithography printing can result in a quality of 0.05 — 0.1 mm. The model's size is determined by the size of the
machine. During printing, the used material forms filaments, which are unwound from a coil and fed through an extrusion
nozzle. The nozzle melts the filaments and extrudes them onto a built sample.
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Parameter Value
Infill density (%o) 100
Feed rate (mm/s) 20 mm/s
Layer thickness (mm) 0.2
Extruder temperature (°C) 250
Bed temperature (°C) 80
Raster angles 1.2

Table 1: Extrusion parameters.

Tensile test machine

The study of printed materials such as ABS, Fig. 1, is undertaken by ISO and ASTM standards that cover all aspects, from
design to failure. Indeed, the material and the experimental procedures used in this paper have been presented. The
comprehension of the used experimental mechanisms is necessary for the understanding of the developed models.
Therefore, two kinds of tests have been led to characterize the ABS material and evaluate the main parameter for the damage
evaluation. Thus, we chose the ABS material because of its high performance and huge use in different industrial
applications. Therefore, a study has been done over ADM, delaminated, and notched ABS specimens. The ADM ABS,
made of many layers, subtracting one layer each time for every category of specimens, is printed in one shot by a 3D printer.
The delaminated thermoplastic ABS specimens are studied through three categories of samples by considering normal
samples (Cat 1), delaminated samples (Cat 2), and one-layer samples (Cat 3). For Cat 1, normal samples, it has been printed
based on a fused deposition method, while for the second samples, Cat 2, artificial delamination has been considered
between the three printed layers. Finally, Pre-cracked samples are Single Edge Notch Tension (SENT) specimens
manufactured according to ASTM D5045 and are considered for investigating intensity factors and crack growth.

The tensile testing samples were produced per BS EN ISO 527-2:2012.

Figure 2: ABS Samples with different levels of thickness.

This study investigates the correlation between layer thickness and mechanical properties of additively manufactured parts
using FDM. Therefore, mechanical tensile tests were performed on samples made of ABS filaments.
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The tensile testing was performed with an MTS Tensile Testing Machine of 30 kN load cell and the crosshead speed was 1
mm/min, as shown in Fig. 3 (a).

@) (b)

Figure 3: Tensile test machine; (b) tensile test results for delaminated samples.

Figure 4: Tensile test results for a) ADM samples and b) SENT samples.

THEORY

Darmage evalnation

T he unified theory assesses the cumulative damage of materials subjected to fatigue phenomena completed by a
simple static tensile test until failure. Indeed, after a predefined number of fatigue cycles, the residual endurance
limit at failure is estimated at each step. In our case, a simplified approach based on variation of the thickness of

printed polymers by subtracting one layer at a time is developed, considering the thickness variation as a fatigue preloading

[14]. The samples are next put through tensile testing in accordance with the unified theory's principles, taking into account

that thickness variation and the number of cycles used are proportional. In the next steps of this paper, the (o, €) curves

evolutions will be considered for energy evaluation and the damage calculations based on it [16], [17].

The static damage using the stresses is expressed as follows:

1—
p=__V M

1-7.
with: ye = oy / 6w and yec = 64 / 04
Considering the proportionality between the energy parameter and the stresses, we obtain the static damage based on energy
as shown by the Eqn. (2):

1_Uur
1_
poizr.__ U )
1_7/e£ 1_2
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In fact, the energy damage modeling based on ultimate residual energies is represented by the variation and fluctuation of
the surfaces under the (o, €) tensile curves as a function of time. The energy decreases with the growth of the loading level
and subtraction of the supplementary layer. The tensile curves that lead directly to the estimated released energy have been
used to calculate the prepared specimens' sutfaces under the cutve (o, €). Reliability and damage models wete established
representing the energy damage for 3D printed specimens with variable thicknesses. A comparison between the obtained
model and the Miner one is detailed to analyze the represent ability of the evaluated damage.

Critical stress intensity factor
The critical stress intensity factor KIC [15], which characterizes the resistance to crack propagation, is defined according to
the following formulation:

K, =o Jra f(yj 3

where '0¢' is the critical stress, 'a' is the notch length, 'w' is the specimen width and £ (—j is a geometric function given by:
w

2 3 4
f(i) =1.12-0.23 (ij +10.56 (i) —21.74 (ij +30.42 (i) @
w w » » w

RESULT AND DISCUSSION

Delaminated samples

Ig. 5 shows the tensile test curves of the 3 categories of specimens crossing the stress and the displacement. From

the curves, we notice that the mechanical behavior of the "Cat 3" (One layer) is brittle and shows a weak resistance

because of the small thickness of the layer. Meanwhile, the compatison of the discrepancies between the "Cat 1"
(Normal) and the "Cat 2" (Artificially delaminated) show a big difference between the two curves, and their mechanical
behavior is ductile. The normal category "Cat 1" is completely fused with a very thin probability of defect between layers
while the "Cat 2" have been prepared through delaminated layers, all together have the same thickness as the normal one.
Those two last categories show different mechanical characteristics giving us an idea about how important adherence
between the layers could be and how much the impact could be on the specimens' overall resistance.

0,04
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— [
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% 0,03
]
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n
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0,01 -~ —=#— Delaminated
f sample
-
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0,00 0,02 0,04 0,06 0,08 0,10 0,12

Displacement (%)
Figure 5: Tensile curves of all categories of ABS specimens.
An efficient approach has been adopted to quantify the effect of the delamination between layers through the dissipated

energy allowing the rupture of the specimens. This energy is determined graphically through iterative or numerical
calculations of the areas under the tensile curves of the prepared specimens, as shown in Fig. 6.
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Figure 6: Calculation of equivalent energy under the surface of the tensile curves of all ABS specimens

Fig. 6 shows a significant decrease in energy from normal or ordinary manufactured specimen "Cat 1" to delaminated ones
"Cat 2". Indeed, the curves of delaminated samples confirm our remarks about decreasing the mechanical characteristics of
the delaminated ADM polymers while releasing a significant amount of energy because of the lousy assembly of layers.
The calculated energy for "Cat 1" is about 5.68 x 10 Joule, while the one for "Cat 2" is about 2.82 x 10 Joule. The
discrepancies are quantified to be at a level of around less than 50% of energy for the delaminated specimens.

ADM samples

To consider the energy model for the ABS material, the same efficient approach, graphic iterative surface calculation, has
been adopted to quantify the damage of printed ABS through the dissipated energy allowing the rupture of the specimens,
as shown in Figs. 7 and 8.

A representation of the tensile curves of specimens with different levels of thickness (0.2 to 2 mm with a step of 0,2 mm)
has shown that the studied specimens undergo a significant decrease in their energy corresponding to the air under the
tensile curves. Indeed, this decrease is manifested by a significant reduction of the surface under the tensile curve, yield
stress, and ultimate stress proportionally to the reduced number of layers, as shown in Figs. 7 and 8.

A representation of the evolution of the dissipated energy for each specimen, Fig. 9, shows a polynomial decrease that can
be represented using a second-degree polynomial according to the life fraction based on the time corresponding to the
ultimate tesidual time (tu) of the damaged specimen (Thickness loss) over the ultimate time of the normal one (t,), B: =
tur/ tu.
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Figure 7: Tensile (o, €) curves of additive manufactured specimens
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Figure 8: Yield and ultimate stresses of ADM specimens
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Figure 9: Maximum-recorded energy for ADM samples

The evolution of maximum energy, Fig. 10, is almost a linear trend function of the life fraction represented by the equations
below:

y = -154.97x + 131.64 (7)
E() =-154.978 + 131.64 with  y=E(]) ,x=8 ®

This evolution is linear because the maximum-recorded energy varies significantly from one specimen to another with
proportional steps, as shown in Fig. 10.

Fig. 10 shows a significant decrease in energy from standard ADM ABS specimens to the most artificially delaminated ones.
The evaluation of the damage occurring in the different specimens according to the models given by Eqn. (1), static damage,
and presented in Eqn. (2), energy damage, compared to the Miner one, are represented in the curve of Fig. 11. They give
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rise to models representing the behavior of the studied specimens significantly and showing that both models are passing

over the Miner damage and have the same tendency.
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Figure 10: Maximum energy of ADM samples.
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Figure 11: Tensile based on energy damage of printed ABS.
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Figure 12: Compatison of the energy based on static damages.
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Fig. 11 shows the evolution of the static and energy damages. It demonstrates that the 3D printed specimens of ABS
polymer release a significant amount of energy noticed over the reduction of the overall resistance proportionally to the loss
of thickness and subsequently to the number of delaminated layers.

By comparing the static and energy models obtained through layers' subtraction and the tensile test of the prepared
specimens, we found perfect convergence between the two models, as shown in Figs. 10 and 11.

Fig. 12 shows the evolution of the specimen reliability, defined as the damage's reverse. We notice the same convergence as
the damage models as much as the linearity of the models. Through the last curves, we can say that the damage is represented
by a regular model of damage subdivided into three stages: Initiation [0-20%], Critical stage [20%-70%], and the accelerated
stage of damage [70%-100%]. The second stage is marked by the critical life fraction B¢ = 50%, from which we notice a
significant change in the mechanical behavior from ductile to brittle, as shown in the curves in Figs. 7and 9.

SENT samples

The results obtained for damage and rupture mechanics approaches are shown in Figs. 13 and 14.

1 1
0,8 0,8
—e— Damage mechanics
0,6 —#— Rupture mechanics 0,6
o 3
g 3
0,4 0,4
0,2 0,2
0 0
0,3 0,5 0,7 0,9
tur/tu

Figure 13: Crack growth based on damage and rupture mechanics approaches.
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Figure 14: Stress intensity factor based on damage and rupture mechanics approaches.

From the two curves, the existence of three phases of evolution of the crack propagation speed as a function of critical
stress intensity factor (FIC); in the first phase, which is characterized by an almost zero propagation speed for values of Ky
lower than a threshold value of FIC. The damage of the specimen is negligible. Beyond that, the propagation velocity
accelerates in a linear manner with the FIC, which is determined by Ki. (Tab.2).

The stress intensity factor has been identified for the two approaches, considering the thickness fluctuation either by crack
initiation or by thickness loss. Therefore, we considered the Ae similar to the Aa for the pre-cracked specimen of the third
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specimen category. The comparison between the damage approach (thickness variation) and the rupture mechanics (SENT
pre-crack) has shown comparable tendencies of the Ki curves. In fact, the elimination of complete layer shows an
acceleration of the Kj at the third stage [70%-100%] with a weak Ki.. Meanwhile the artificial SENT crack K evolution is
engaged earlier at the second stage [20%-70%] with an important K. Nevertheless, the general behavior still
approximatively the same considering the difference between the two approaches.

Rupture Damage

K¢ (MPav'm) 5.65 1.13

Table 1: Critical stress intensity factors Kic.

CONCLUSION

his paper examines the mechanical behavior of three categories of ABS printed specimens that have been

investigated and compared under different aspects. Thus, an experimental approach has been developed to see the

delamination effect of 3D printed specimens by eliminating contact between layers. The prepared categories have
been tested in tensile test machines to determine the impact on the mechanical characteristics. The weakness of a single
layer has been shown. The printed layer is considered as the unit of a prepared 3D printed ABS polymer, gathering and
concatenating those weak layers. The adherence between those layers makes a significant difference. In fact, this difference
has been proven by quantifying the energy for the tensile curves and showing that the normal specimens, which have been
printed continuously, are more robust than the delaminated ones, printed separately and gathered together to simulate
delamination, which have a weak adherence between layers. Therefore, the energy of the normal samples represents double
of the delaminated one, which gives rise to the importance of adherence between layers even if the samples have the same
thickness.
Furthermore, an energy modeling considering the maximum energy extracted from the tensile curves evolutions according
to time is done to quantify the damage occurring because of delamination. We noticed that the yield stress and the ultimate
stress decrease proportionally according to the reduced number of layers. In addition, the calculated energy, resulting from
the multiplication of force and displacement, of tensile curves of printed ABS specimens as a function of the life fraction
showed a proportional evolution because of the reduction of the surface under the tensile curve. The comparison of the
static and energy damage models has shown that the obtained damages are always over the Miner one and represent the
same tendencies in the two first stages, except for the third stage, which is considering an uncontrolled behavior of the
material and an acceleration of the damage. The aim of our work is to prevent the infantile damage of printed polymers
used in industrial applications. Therefore, the prediction of reliability parameter instead of damage parameter it necessary
to decide the maintenance policy at the right time.
Finally, rupture and damage mechanics mechanisms have been investigated in the paper showing that the delamination of
one layer causes approximately the equivalent damage of losing the equivalent thickness of that layer or undergoing an
equivalent crack (simulated by SENT pre-crack). Presented results showed approximatively the same tendencies with a
random variation at the third stage of damage [70%-100%] when the mechanical behavior accelerates, and the rupture goes
straightly to the ultimate state.

NOMENCLATURE

ABS Actrylonitrile Butadiene Styrene
FDM Fused Deposition Modelling
ADM Additive Manufacturing

ou: Ultimate stress

o Just before rupture stress

Our! Ultimate stress at rupture

Ul Ultimate energy

U Ultimate energy at rupture

U.: Just before rupture energy
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Ve Instantaneous non-dimensional endurance limit.
Yee Nondimensional endurance limit at failure.
D Damage (“D = 0” for neat material, “D = 17 for completely damaged material).

B= (Ae/e) = (n/Nf) Life fraction
Ae Thickness fluctuation.
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