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Abstract

In this study, a novel design to enhance interfacial adhesion in multi-material components produced through filament 3D
printing techniques is presented. Multi-material additive manufacturing often faces challenges related to poor chemical
affinity between polymers and physical discontinuities between component sub-parts. To address these issues, an interface
geometry that leverages both diffusion and mechanical adhesion mechanisms to facilitate interlocking is proposed. The per-
formance of the widely used T-shaped geometry, as per existing literature, with a newly introduced Mickey Mouse lobate
modified shape is compared. Additionally, the linear butt interface, which relies solely on chemical diffusion is investigated.
For the study, Polylactic Acid and Polyethylene Terephthalate as the material pairs was selected. The findings underscore
the significant impact of interface geometry on the mechanical properties of multi-material components. Using the ultimate
tensile strength of the standard ISO 527-2 specimen as a reference, a butt interface results in a residual strength of 60%
for homogeneous materials, but only 10% for heterogeneous materials. The adverse impact of the heterogeneous materials
configuration was alleviated by the interfaces, leading to an enhancement of 7% and 58% for the Mickey Mouse and T geom-
etries, respectively. While the Mickey Mouse geometry effectively reduces stress concentrations, it falls short of achieving
the desired improvement in multi-material adhesion between parts. This outcome suggests the necessity of further research,
particularly towards optimizing the proposed geometry for enhanced performance.
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1 Introduction

The technological development of Additive manufactur-
ing [1] (AM) and of multi-material additive manufacturing
(MMAM) [2, 3] processes made possible to produce struc-
turally functionalized engineered components bypassing the
need to carry out secondary operations such as gluing and
welding [4-9].

Nature, as a 'design' teacher, shows us how it can be
advantageous to create combinations of compositional and
functional gradations of materials and structures, as seen,
for example, in human bones and fish scales that combine
stiffness and damage resistance [10, 11]. Such behavior is
made possible by the combination of hierarchical cellular
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structures and material gradation that has been engineered
for tailoring specific properties. For example, stiffness
gradation can be used to prevent or delay delamination in
laminated materials [12—14] or nanoscale tessellation can
be used to increase toughness [15, 16] and crack propaga-
tion resistance [17, 18]. Another research field in which
MMAM is playing a crucial role is the functionalization of
components using composite materials designed to modify
the physical properties of the base polymer [19-23]. These
composite materials are created by selecting the type and
percentage of reinforcing material to optimize a specific
physical property for the application. For example, electrical
resistance should be as low as possible to create integrated
electrical circuits [24] or embedded sensors [25, 26], while
for heating elements, it should be sufficient to generate the
necessary heat through the Joule effect [7]. It can be used
also for 4D printing, i.e., memory shape materials [27-29].

As seen, research on MMAM is mainly focused on its
constructive potential and the new applications it offers
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compared to subtractive manufacturing or single-material
AM. As a matter of fact, the distinguishing feature of AM,
especially when it comes to FDM, of progressive addition of
material allows to produce elements with complex shapes,
such as cavities or undercuts. Fabrication of form-fit joints,
e.g., snap-fit joints, is an illustrative application of how AM
processes can overcome the limitations in terms of geomet-
rical complexity encountered with the traditional methods
of injection molding and extrusion [30]. Moreover, in this
instance, MMAM unlike single-material AM can be a valid
technique to develop potential improvements. In particular,
producing the beam of the clip with a composite tied with
a thin metal layer may increase the strength of these joints
and facilitate the assembly phase by taking advantage of
dissimilar thermal expansions of the different materials of
the parts [31].

Although the use of multi-material processes is widely
increasing, it has to be acknowledged that in comparison to
existing literature studies on AM regarding material model-
ling [32-34] and component characterization [35-38], the
effect of the MMAM process on the final mechanical prop-
erties is still relatively underexplored. Moreover, is worth
noting that, according to the previously reported articles,
in MMAM at each material interface the currently adopted
interface is traceable to a butt joint. This work aims are to
assess the relevance of the material interface on the mechan-
ical properties of a MMAM-ed component, also in relation
to the material interface geometry, to evaluate if it should be
taken in account as one of the design factors in the design
for additive manufacturing DfAM.

2 Materials interface design

In the MMAM, at the interface between the two materials,
there are several factors that can influence strength in addi-
tion to the geometry [39], such as the overall contact surface,
the compatibility between different materials, and the ther-
mal cycle created by the nozzle during polymer deposition.

Most of the existing studies are focused on determining
whether a mechanical interface geometry that generates an
interlocking mechanism performs better than one based on
simple chemical diffusion between materials. More specifi-
cally, when two different materials are joined through FDM
process, the formation of interfacial bond starts when the
two polymers come into contact. The process of the inter-
molecular diffusion is activated by the high temperature of
the materials and the polymer chains begin to move across
the contact area. It has to be noted that the deposition of
molten material on the previously extruded filaments allow
the temperature of the overall process to stay around the
same value, which enables the development of the inter-
face bond [40]. However, it has been proven that in the case
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of polymers with low chemical affinity the adhesion force
between them is not sufficient on its own, therefore an inter-
locking interface is necessary to confer a more robust bond,
as it allows the coalescence forces to be combined with the
macroscopic mechanical ones [41].

To assess the effect of the only interface, i.e. the effect
of the chemical diffusion, the butt joint interface (Fig. 1a)
was selected as it is a characterization method validated in
adhesive joint testing [42].

Other two interfaces were investigated adding a geometri-
cal locking effect, a T shape (Fig. 1b), which, according to
literature, appears to be one of the best performing in terms
of mechanical strength [41, 43, 44] and a modified T-lobed
shape, Mickey-Mouse MM shape (Fig. 1c). The reason
why the latter is introduced, is to overcome the problems
encountered with the former interface. On one hand, sharp
edges of the T-shape can generate stress concentrations due
to the notch effect, on the other hand, its undercuts could
be difficult to fabricate if not with additive techniques. As
a matter of fact, Mickey Mouse geometry is proposed as an
adjustment of the T-shaped one, making the upper wings
more rounded and leaving the core of the section almost
unchanged. In engineering this shape is not brand-new, since
already used in some applications, as sheets glass milling.
When manufacturing glass doors, MM-shaped notches are
milled to make hinge slots which do not lead to excessive
stress concentrations during the hypothetical following pro-
cess of tempering.

The dimensioning of the T and MM shapes (Fig. 2) were
optimized combining the results of works on mechanical
interfaces shape optimization [41, 43, 45], dimensioning for
printability [46, 47] and industrial state of the art for dis-
similar material interfaces.

To be specific, the dimensions of Mickey Mouse geom-
etry were adapted starting from the actual drawings of
hinge slots milled in sheets glass [48], logically modified
and scaled to make them comparable with the T shape pro-
portions that can be detected in literature. However, in the
first attempt to print specimens, material gaps were obtained
near the interface line. The underlying motivation lies in

Fig. 1 Investigated interfaces
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Fig.2 T and MM shapes
dimensions (units in mm)

oo

the fact that both the dimensions of the geometry and the
thickness of the samples were not a multiple of the width
of the extruded filament. Consequently, all the dimensions
were adjusted acknowledging that the width of the filament
is 0.45 mm. This piece of data has been selected through the
Slicing software PrusaSlicer [49] as the right compromise
between a correct printing resolution and a not too slow
production taking into consideration that the diameter of
the printer nozzle is 0.4 mm and the height of each layer of
deposited material is 0.2 mm.

The interfaces were inserted initially in the tensile test
specimens (Fig. 3) from the normative UNI EN ISO 527-
2:2012, geometry 1A. Taking in account the principles of
the Design for Additive Manufacturing (DfAM) and the
guidance of the National Institute of Standards and Tech-
nology NIST for the applicability of existing materials test-
ing standards for additive manufacturing Materials [50],
the specimens dimensioning was thereafter modified with a
width of 10.8 mm, i.e., 24 times the filament. It was possible
to deviate from the dimensions expressed in the normative
as this investigation does not focus on the characterization
of plastic materials, but on the analysis of the effect of the
proposed geometries. As a matter of fact, the width of all
the specimens was reshaped since otherwise certain samples
would have had a different resistant section from the others,
making the comparison inaccurate.

3 Material and methods

In this section the materials used in this work are reported
and the characterization methods implemented to carry out
the experimental tests are described in detail.

The selected base material was the polyethylene tereph-
thalate PET manufactured by ICE filaments, Belgium [51],
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the second material was polylactic acid PLA manufactured
by SUNLU, CA, US [52], provided as 1.75 mm diameter
spool.

These polymers were selected following a compatibility
study based on the carried-out investigations in literature.
PLA/PET combination represents an excellent compromise
between rigidity and flexibility, but without being charac-
terized by completely different behaviors or a lower chemi-
cal affinity in comparison to other combinations [53]. PLA
is known to be one of the most widely used polymers in
extrusion-based 3D printing techniques due to its printability
and good biological and mechanical properties, such as high
tensile strength [54]. PET, on the other hand, mainly used
in clothing and packaging applications, is tenacious, but not
as rigid as PLA [55], therefore it gives the right balance to
the PLA/PET couple.

The specimens realized, at least 3 each combination,
were:

e UNI EN ISO 527-2:2012 standard 1A, compliant to
DfAM, geometry PET

e UNI EN ISO 527-2:2012 standard 1A, compliant to
DfAM, geometry PLA

e UNI EN ISO 527-2:2012 with each interface geometry,
mono-material PLA (dark and light grey)

e UNI EN ISO 527-2:2012 with each interface geometry,
mono-material PET (red and white)

e UNI EN ISO 527-2:2012 with each interface geometry,
multi-material PET-PLA (red and light grey)

The last combination is investigated in the PET for the
male part and PLA for the female part configuration. The
standard 1A geometry, compliant to DfAM, is used to
assess the base material properties according to the printing
setup. The mono-material is used to isolate the effect of the
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Fig.3 T shape (A) and MM shape (B) in the 1A geometry from the UNI EN ISO 527-2:2012
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interface, the multi-material is used to investigate the com-
bined effect of the interface and of the materials.

Specimens were manufactured using a PRUSA Original
Prusa i3 MK3 upgraded with the MMU?2S kit (Multi Mate-
rial Upgrade 2S) by PRUSA, Czech Republic [49]. Printing
settings were optimized from literature [56—62] and experi-
mental tests and then kept the same for all the configurations
to prevent cross-interaction effect of the parameters on the
tests results.

In particular, the infill density and the deposition pat-
tern are respectively 100% and straight aligned, while the
selected layup is unidirectional, therefore with the layers
deposited all with the same orientation. Moreover, the posi-
tion of the sample on the print bed with an infill angle of
90° allows the fibres to be aligned in parallel with the load
direction. Several studies have shown that in this configu-
ration it is possible to obtain more tenacity and resistance
[63]. Furthermore, the upper and lower layers are omitted
since they are only an aesthetic and non-functional aspect.
In addition, numerous tests have been carried out to determi-
nate the optimal values of nozzle and print bed temperatures
that did not lead to problems of warping or delamination.
The final choice stands at 225 °C for the nozzle and 75 °C
for the print bed, hence same values for both. As regards
the printing speeds, after some tests, two different values
have been selected for the deposition of the first layer and
the remaining ones: 20 mm/s and 60 mm/s. Finally, a con-
figuration with two perimeters was adopted to completely
fill the material gaps and maintain the right precision at a
geometric level. Additionally, 3 mm of brim were used to
enhance adhesion to the print bed.

Specimens were tested using a Zwick Roell 10 kN by
ZwickRoell GmbH & Co. KG, Ulm [64].

4 Results and discussion

In this section the results of the experimental tests are
reported and commented in detail.

In Fig. 4 the mean values of the tensile tests on the UNI
EN ISO 527-2:2012 standard 1A DfAM geometry are
shown. These results set the reference values for the mate-
rial in mono-material configuration and no interface.

PLA (Fig. 4), young modulus Ep; 5 3379.1+34.9 MPa,
is a slightly stiffer material than the PET (Fig. 4), Epgy
1998.5 +2.8 MPa, while PET is a tougher material as it
shows an elongation at break of 3.87 +0.42% and PLA
shows an elongation at break of 2.77 +0.04%.

The effect of the existence of the interface is assessed
using the butt configuration (Fig. 5).

The interface in mono-material configuration has a
relevant effect as it almost halve the mechanical prop-
erties of the specimen, the Ultimate Tensile Strength
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Fig.4 Tensile test results (mean values) for the UNI EN ISO 527-
2:2012 standard 1A DfAM geometry for PLA and PET materials
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Fig.5 Comparison of tensile test results (mean values) between the
UNI EN ISO 527-2:2012 standard 1A DfAM geometry for PET base
material, mono-material and multi-material butt interfaces

(UTS) decrease from 44.3 + 1.3 MPa for PET stand-
ard to 27.3 + 1.4 MPa for mono-material, while in the
multi-material configuration there is a dramatic effect as
the values are around a tenth of the standard geometry
(4.8 +£0.9 MPa). An explanation can be drawn observing
the failure surfaces reported in Fig. 6.

In Fig. 6 the failure surfaces of the mono-material PLA-
PLA (Fig. 6a) show some light gray material on the dark
gray one (on the left side). Also the failure surfaces of mono-
material PET-PET (Fig. 6b) show some red material on the
white one (on the right side), while the failure surfaces of
the multi-material PET-PLA (Fig. 6¢) show clean surfaces,
suggesting weak adhesion between the materials.

In Fig. 7a and b the effect of the geometry on the mechan-
ical properties is assessed performing tensile tests of the
PLA and PET mono-materials specimens.



Progress in Additive Manufacturing
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Fig.6 Detail of the typical failure surfaces of the mono-material PLA-PLA (a), mono-material PET-PET (b) and multi-material PET-PLA (c)
butt interfaces
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Fig. 7 Comparison of tensile test results (mean values) between the interfaces for the PLA (a) and PET (b) mono-material interfaces

Table 1 UTS values, mean and standard deviation, of the all mono- The results do not show relevant variation as shown in
material investigated configurations Table 1. And all the failure surfaces (Figs. 6a, 8) have inter-
PLA PET interface pattern that highlight strong adhesion.
The tensile test results of the interfaces for the PET-PLA
UTS (MPa) UTS (MPa) . . . . . .
multi-material specimens are reported in Fig. 9 for T inter-
Mean Std deviation Mean Std deviation face and in Fig. 10 for MM interface.
T 28.6 3.8 30.2 0.7 It can be observed that after the elastic zone of the curves
Butt 295 55 273 1.4 the behaviors are completely different, with T interface
MM 275 30 26.9 27 exhibiting a brittle failure (Fig. 9), while the MM interface

Fig. 8 Detail of the typical
failure surfaces of the mono-
material PLA-PLA (a) and
PET-PET (b) with MM and T
interfaces respectively
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Fig.9 Tensile test results, for each repetition, of the T interface for
the PET-PLA multi-material specimens (reported as TM and repeti-
tion number in the legend)
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Fig. 10 Tensile test results, for each repetition, of the MM interface
for the PET-PLA multi-material specimens (reported as MM_M and
repetition number in the legend)

(Fig. 10) has residual strength and deformation capability
after a first partial failure.

Explanation can be drawn observing the failure surfaces
in Fig. 11 and the failure evolution during the tension tests
(Fig. 12).

In Fig. 11b can be observed that the failure occurs almost
instantly in the male part (PET) after the detach of short
and transversal to the load interface between the different
materials due to the locking geometry. In Figs. 11a and 12
is depicted how the lobate geometry allow a gradual failure
after the detach of short and transversal to the load interface
establishing a rotation pivot for the female part (PLA) on
the male part. After an initial interfacial separation where
there is an equivalent butt joint interface, approximately at
0.1% of deformation, the load bearing capability of the over-
all MM interface is guaranteed by the interlocking effect.
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(a)

Fig. 11 Detail of the typical failure surfaces of the multi-material
PET-PLA MM (a) and T (b) interfaces

Approximately at 0.25% the female part rotation mechanism
allows sliding up to the male part failure. The final failure,
transversal to the filament orientation as depicted in Fig. 11,
occurs in the minimum cross section of the male part that
was designed maintaining the dimensions and the deposi-
tions parameters.

The different local failure mechanisms are the cause
of the different overall mechanical properties in terms of
ultimate strength (Figs. 13 and 14) and total deformation
(Fig. 15).

Therefore it can be seen (Figs. 13 and 14) that in terms
of ultimate strength the T interface has always the best per-
formance and almost doubling the butt and MM interfaces
performances in the multi-material configurations.

In terms of total deformation there are no relevant dif-
ferences in the mono-material configurations (Fig. 7) while
in the multi-material configuration the MM outperform the
other interfaces (Fig. 15).

According to the results reported in [65] switching the
materials of the sub-parts, i.e. having a stiffer male sub-part,
would not modify the trends but would decrease the load
bearing and would increase the deformation capability of
the studied interfaces.

5 Conclusions

In this study, mono-material specimens, both with and with-
out a boundary interface, along with multi-material speci-
mens, were designed and manufactured using the polymeric
filament additive manufacturing. The impact of the presence
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Fig. 12 Analysis of a typical deformation and failure behavior of the MM multi-material interface
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Fig. 13 Comparison of tensile test results (mean values) at ultimate
strength between the PET-PLA multi-material interfaces

of the boundary interface and the specific geometries on the
structural integrity of the specimens was assessed and ana-
lysed, confirming that the interface, both in mono-material
and multi-material configuration, has a non-negligible effect
that should be considered in DfAM. For example, in the
conductive composite for embedded circuits applications,
it is convenient to use as matrix the same material of the
bulk used to manufacture the component. Mechanical prop-
erties of the specimens were systematically investigated and
discussed conducting a qualitative failure surfaces analysis,
confirming that the chemical affinity prevails over the effect
of the mechanical interface.
The key findings are:

e T shape maximise the ultimate strength mechanical prop-
erty due to its locking effect. Referring to the ultimate
tensile strength of the standard ISO 527-2 specimen,
the butt interface yield at a residual strength of 60% for
homogeneous materials but only 10% for heterogene-

Fig. 14 Ultimate strength 35 +0.365
(MPa), standard deviation 30 +0.705 +1.365
reported as error bar on top,
overall comparison for the 25
investigated interfaces 20
15
10 10.496
+0.469 +0.349
5 L] ]
o ]
Butt T Mickey Mouse
@ PET-PLA 4.842 8.082 5.247
M PET-PET 27.332 30.234 26.943
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Fig. 15 Total deformation (%), standard deviation reported as error
bar on top, comparison for the multi-material PET-PLA configura-
tions

ous materials. The negative effect of the heterogeneous
materials configuration was mitigated by the interfaces,
resulting in improvements of 7% and 58% for the Mickey
Mouse and T geometries, respectively, compared to the
butt geometry.

e MM shape maximise the total deformation mechanical
property due to its rotation-and-slide effect. Using the
total deformation of the standard ISO 527-2 specimen
as reference the butt interface elongation at break value
decreases of 60% and 95% in the mono-material and in
the multi-material configuration respectively. While in
the mono-material configuration the elongation at break
values are little affected by the interface, in the multi-
material configuration the elongation at break values
increase of 183% and 516% for the Mickey Mouse and T
geometries, respectively, compared to the butt geometry.

Taking into accounts that Mickey Mouse geometry was
introduced to decrease stress concentrations around sharp
edges, it was possible to observe that the type of fracture has
validated the hypothesis at the base since the specimens did
not break in the vicinity of the critical points. On the other
hand, it did not satisfy this research’s primary aim of finding
a method that increases multi-material adhesion since the
tensile strength was not as high as the one encountered with
the T shape of reference.

It is worth noting that these are preliminary results, i.e.,
the MM shape dimensioning was not optimized, and that
different materials combinations could have different trends
depending on the chemical affinity and the stiffness mis-
match, that need further investigations to be generalized.
In particular, in order to completely profit from the new
geometry, a design optimization is still logically needed.
This is mainly because in this investigation the dimensions
of the MM shape have been defined from the adaptation
of those of the T one. However, as demonstrated, the two
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interfaces show different behaviours, consequently it seems
correct to carry out an appropriate sizing of the new pro-
posed geometry to stand out and optimize its properties. One
of the potential improvements could be to work on finding
the correct proportion of Mickey Mouse's "ears". In fact,
these are the part of the geometry that allows the blocking
of the joint during a tensile test and if correctly sized they
could allow to increase the overall strength.
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