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Abstract: Multi-material additive manufacturing (AM) offers new design opportunities for functional
integration and opens new possibilities in innovative part design, for example, regarding the
integration of damping or conductive structures. However, there are no standardized test methods,
and thus test specimens that provide information about the bonding quality of two materials printed
together. As a result, a consideration of these new design potentials in conceptual design is hardly
possible. As material extrusion (ME) allows easily combination of multiple polymeric materials in one
part, it is chosen as an AM technique for this contribution. Based on a literature review of commonly
used standards for polymer testing, novel test specimens are developed for the characterization of the
bonding quality of two ME standard materials printed together. The proposed specimen geometries
are manufactured without a variation of process parameters. The load types investigated in the
course of this study were selected as examples and are tensile, lap-shear, and compression-shear.
The conducted tests show that the proposed test specimens enable a quantification of the bonding
quality in the material transition. Moreover, by analyzing the fracture pattern of the interface zone,
influencing factors that probably affect the interface strength are identified, which can be further used
for its optimization.

Keywords: 3D printing; material extrusion; multi-material additive manufacturing; material
characterization; mechanical properties; test methods

1. Introduction

Multi-material parts manufactured by additive manufacturing (AM), also known as 3D printing,
demonstrate a vast potential regarding the integration of multiple, material-specific functions.
For example, differences in stiffness of two different materials can be used in such a way that
damping functions are locally integrated [1,2]. Moreover, conductive materials can be combined
with conventional build materials in order to realize conductivity inside specific areas of the part,
so that the assembly and maintenance of radiant heat surfaces [3] or 3D printed circuits would be
omitted [4]. Using AM technologies to generate multi-material parts enables the possibility of achieving
custom-designed requirements by means of functional integration via local material variations and
a specific design of material properties. Hence, in contrast to traditional manufacturing processes
(e.g., milling or casting), the designer has entirely new opportunities in product design. Consequently,
there are two big challenges. On the one hand, the design engineer needs to be supported to ensure a
consideration of these new design potentials in conceptual design. On the other hand, standardized
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test methods for analyzing both the compatibility and the bonding quality of two materials printed
together have to be established. The latter research gap is focused on in this contribution.

Whereas only few AM technologies are capable of processing multiple materials within the
printing process, the AM technique material extrusion (ME) is due to its process principle (discrete
material transition) predestinated in this regard [5]. In fact, only the number of extruders integrated
into the ME machine limits the number of processable materials—even within one layer [6].
A multi-material part design framework supporting the selection of suitable material combinations
for additively manufactured parts has already been proposed by Yao et al. [7]. However, the
quantification of the interface strength (bonding quality) between two different polymeric materials
and a compatibility in general are inadequately discussed. As the compatibility is closely linked
to the corresponding mechanical properties in the interface zone, a quantification of those is
indispensable for designing multi-material parts for ME. Yet, standardized test methods and test
specimens for multi-material ME parts are not available. As a consequence, users have no common
basis on which mechanical properties of two combined thermoplastic materials can be determined.
A standard that shall enable an efficient and clear communication between users (here, suppliers of
additively manufactured parts and their customers) is addressed in DIN EN ISO/ASTM 52901 [8], but
multi-material parts are not considered.

In this paper, novel specimens for the three exemplary load types, namely, tensile, lap-shear, and
compression-shear, are proposed. With ABS (acrylonitrile butadiene styrene) and PLA (polylactic acid),
two standard materials from the prototyping sector are used as reference materials. The proposed test
methods, including the development of novel tests specimens for characterization of multi-material
ME parts, are experimentally validated.

2. Test Methods for ME

This section gives an overview of the material extrusion principle with regard to multi-material
designs and the mechanical testing of polymers in general, as well as that specified for ME printed
test specimens.

2.1. Material Extrusion

The AM technique material extrusion (also, fused deposition modeling—FDM, trademark of
Stratasys—or fused filament fabrication—FFF, non-commercial name) is characterized by an extrusion
of a thermoplastic material (see Figure 1). For this purpose, a polymeric stock material (filament) is
directed via conveyor unit into an extruder, plasticized, and applied to the previous layer in accordance
with the cross section to be generated [6]. As a result of thermal fusion, the applied layer bonds with
the surrounding layers and solidifies shortly after. The part is thus built up layer by layer.

Figure 1a shows the ME principle schematically. It can be seen that several materials are, in
principle, processable within one layer. The range of materials available in this respect involves
commodity, engineering, and high performance plastics [6]. However, combining material A and B
commonly depends on their respective glass transition temperature (Tg) (temperature range in which
a plastic is subject to the greatest change in its deformability) or heat distortion temperature (HDT)
(softening temperature under a specific load). Only materials with similar transition temperatures allow
a combination in the form of a multi-material ME part. As a major gap in these temperatures results in
warping (deformation induced by residual thermal stresses) of the material with the higher value, a
combination of, for instance, commodity plastics (e.g., PLA, Tg = 55–60 ◦C [9] or ABS, Tg = 105 ◦C [10])
and high performance plastics (e.g., PEI (polyetherimide), trade name ULTEM [11], Tg = 186 ◦C) is
commonly not possible.

An interface zone in which two different plastic materials are successfully combined, on the other
hand, shows a distinct overlap region (see. Figure 1b). The development of this region is primarily
characterized by three successive steps [12]: first, the surfaces of material A and B come into contact;
second, a neck (interface zone) grows between these two strands driven by surface tension; third, a
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molecular diffusion and randomization of the different polymer chains within this neck take place.
Further coupling mechanisms relevant for the interface zone are adsorption, polarity, and mechanical
interlocking [13]. Adsorption is considered as a pre-condition for initial bonding in the material
transition, followed by electrical polarity, such as dipoles, that are present in oxides, hydroxides,
hydroxyl groups, and so on in the interface layers. These polarities initiate interactions that cause an
increase of adhesion between two corresponding layers [14]. Mechanical interlocking, however, is
based on undercuts that generate a coupling in the material transition.

In general, the mechanical properties of multi-material ME parts are correlated to the bonding
quality in the interface zone. This is primarily affected by the characteristics of the distinct overlap
region in the material transition caused by neck growth and intermolecular diffusion [12].
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Figure 1. (a) Schematic representation of material extrusion (ME) principle and (b) material transition
including relevant coupling mechanisms.

2.2. Mechanical Testing of Plastics

Mechanical testing of plastics is used to investigate and determine mechanical properties of
polymeric test specimens using standardized test methods compiled, for example, by American Society
for Testing and Materials (ASTM), International Organization for Standardization (ISO), or Deutsches
Institut für Normung (DIN). The mechanical behavior of plastic materials is characterized by tension
(σ) and elongation (ε). Depending on the major load types, a distinction can be made between tensile,
compression, and bending stresses (see Figure 2). For tensile and compression stresses—so called
normal stresses (σ)—a force (F) applies vertically on the loaded surface. Bending stresses, as well
as normal stresses, can be considered as a superposition of tensile and compression stresses and are
calculated by the quotient of bending moment (Mb) and section modulus (Wb). If the force is not
applied vertically but in the surface, shear stresses (τ) emerge. The corresponding load types are shear
and torsion. For the latter, shear stresses are calculated by the quotient of torsional moment (Mt) and
polar section modulus (Wp) [14].
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Test methods can be further distinguished by the speed during execution. Whereas for static tests,
a steady speed is performed, the speed of quasi-static tests is slowly increasing. Dynamic tests, on
the other hand, are characterized by a non-uniform load application. Within these ranges of speed,
test methods are subdivided according to the major load types (tension, compression, and bending).
In addition, for quasi-static tests, torsion and shear tests are conducted as well [15].

To obtain comparable values for the mechanical properties of different plastics, test methods
must be conducted under equal test conditions regarding speed, ambient temperature, and relative
humidity. As thermoplastics show viscoelastic material behavior above the glass transition temperature,
mechanical properties are significantly affected by the ambient temperature. Besides, some plastics
(e.g., PLA and ABS) are hygroscopic, so the moisture content also has a major impact on the mechanical
properties. In general, the ambient temperature and relative humidity are set at 23 ◦C and 50%,
respectively. [14]

2.3. Mechanical Testing of ME Printed Test Specimens

This section gives an overview of the state-of-the-art regarding mechanical testing of ME printed
test specimens. Besides the three major load types, shear is also considered because of its relevance in
the following sections.

Current standards regarding the main characteristics and corresponding test methods for
additively manufactured test specimens can be found in DIN EN ISO 17296-3 [16]. While these
standards most closely correspond to standard test methods for plastics, AM specific tests in accordance
with these standards must specifically refer to the properties of the additively manufactured test
specimens, for example, anisotropy. As a consequence, AM specific standards are currently under
development (e.g., ISO/TC 261).

An overview of test methods conducted for ME printed test specimens for the three major load
types and shear is given in Tables 1 and 2. The following research studies propose optimization
approaches for additively manufactured parts that are intended to withstand maximum loads by
selecting the optimum process parameter sets for ME. In addition, some research studies [17,18]
investigate the adhesion between printed strands by varying process parameters, such as temperature,
layer thickness, and layer design, to improve inter-layer cohesion and strength. However, only test
specimens made of one build material are investigated. Test methods for multi-material ME parts and,
more specifically, the quantification of the interface strength between two different materials are not
sufficiently proposed yet.
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Table 1. Studies on mechanical testing of material extrusion (ME) printed test specimens (part 1). PLA—polylactic acid; ABS—acrylonitrile butadiene styrene;
ASTM—American Society for Testing and Materials; ISO—International Organization for Standardization; DIN—Deutsches Institut für Normung.

Load
Type Material Standard

Process Parameters

StudyAir
Gap

Bead
Width

Building
Orientation

Envelope/
Plate

Temperature

Infill
Pattern

Infill
Percentage

Layer
Thickness

Printing
Speed

Printing
Temperature

Raster
Orientation

Layer
Design

Tension

PLA ASTM
D3039 X X X [18]

ABS, PC * ASTM
D638 X X X [19]

PLA ASTM
D638 X X X X X X X [20]

ABS ISO 527 X X [21]

PP ** DIN
53504 X X [22]

ABS ASTM
D3039 X X [23]

PLA ASTM
D638 X [24]

PLA ASTM
D638 X X X [25]

* Polycarbonate, ** Polypropylene.
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Table 2. Studies on mechanical testing of ME printed test specimens (part 2). PEI—polyetherimide.

Load
Type Material Standard

Process Parameters

StudyAir
Gap

Bead
Width

Building
Orientation

Envelope/
Plate

Temperature

Infill
Pattern

Infill
Percentage

Layer
Thickness

Printing
Speed

Printing
Temperature

Raster
Orientation

Layer
Design

Compression

PA *** DIN EN ISO 604 X X [26]
ABS ISO 604 X X X X X [27]
ABS ASTM D695 and D3039 X [28]
PEI ASTM D695 X X [29]
ABS ASTM D695 X X X X [30]
ABS ASTM D695 X [31]
ABS ASTM D695 X [32]

Bending

PEI ASTM C393 X X X X [33]
ABS ISO 178 X X [21]
PA DIN EN ISO 178 X X [26]

ABS ISO 178 X X X X X [34]
ABS ASTM D790 X [32]
ABS GB/T 9341-2008 X X [35]
PLA GB/T 9341-2008 X X X X [36]
ABS ASTM D1184-98 X X X [12]

Shear
PLA ASTM D1184-98 X X [37]

ABS, PC ASTM D5379 X X [19]
PLA ASTM E143 X X [38]

*** Polyamide.



Appl. Sci. 2018, 8, 1220 7 of 15

3. Experimental

In this section, the development of test specimens for the characterization of multi-material ME
parts depending on different load types, as well as the experimental set-up, are discussed.

3.1. Development of Novel Test Specimens for Multi-Material ME

In comparison to DIN 8593 [39], the type of bonding corresponds to the welding of plastics.
This is, in a limited sense, similar to diffusion adhesive bonding because of molecular interactions
without an additional adhesive. As a result, the multi-material ME process can be approximated by
these processes.

In this paper, test specimens for tensile strength, lap-shear strength, and compression-shear
strength are exemplarily developed according to established testing standards. For testing tensile
strength, DIN EN 15870 [40] is utilized for butt joints and DIN EN 12814-2 [41] is used for welded joints
of thermoplastics. Lap-shear strength (eccentric) of bonded assemblies is standardized for adhesives
in DIN EN 1465 [42] and structural adhesives in DIN EN 14869-2 [43]. A method for testing shear
strength resulting from compression is described in DIN EN ISO 13445 [44].

Based on these standards, test specimens are designed by considering ME design guidelines
(see Figure 3). Thus, no support material (printed structures made of build or soluble material necessary
for printing overhangs with an angle to the build platform smaller than 45◦) is required as all overhangs
are designed to be bridged (printing short distances between two anchor points without support).
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To ensure a combined processing of different materials, the glass transition temperature or heat
distortion temperature of both materials has to be considered in determination of the build platform
and/or build chamber temperature. Consequently, there is no material change in the first layers of
the specimen, because two different materials vary in their Tg values and shrinkage behavior. Hence,
a material change in the first layers could lead to a failure in layer bonding, which can result in
delamination. Avoiding this, a uniform temperature conditioning on the build platform and/or in the
build chamber close to the glass transition temperature of the material with the lower Tg value needs
to be considered. This is valid until a certain threshold value for the difference of the glass transition
temperatures is reached (cf. PLA/PEI).

The specimens are designed in such a way that the interface zone represents the weakest part of
the geometry, so bending is prevented. To further prevent tipping, the height of the tensile specimen
(a) and the thickness of the lap-specimen (b) are designed accordingly. All dimensions of the test
specimens are shown in Figure 4. The z axis represents the build direction and the xy plane is parallel
to the build platform.
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3.2. Experimental Set-Up

As PLA and ABS are commonly used in ME, especially for prototyping, these two standard
polymers are selected in order to validate the development of novel test specimens for characterization
of multi-material ME parts. For printing them, the pro-consumer machine Ultimaker 3 by Ultimaker
B.V. (Geldermalsen, Netherlands) with a dual extrusion system is used. The 3D printer comes with a
heated build platform, but no actively heated build chamber. The build platform temperature is set
to 60 ◦C because of the fact that PLA has a lower glass transition temperature (Tg ≈ 60 ◦C) than ABS
(Tg ≈ 105 ◦C). The PLA is processed directly on the build platform (glass plate) with no other adhesion
increasing material in between. The material was obtained from DAS FILAMENT [9], whereas the ABS
is purchased from Innofil3D [10]. Table 3 shows the used parameters for printing the test specimens.
All specimens are printed on the same machine and with an identical calibration set-up.

Table 3. Selective material properties and utilized process parameters for the manufacturing of the
multi-material test specimens separated between acrylonitrile butadiene styrene (ABS) and polylactic
acid (PLA) material.

Material Color Glass
Transition

Temperature
Layer

Thickness
Raster
Angle

Perimeter
ShellsBuild

Platform Nozzle

PLA [9] white 55–60 ◦C
60 ◦C

215 ◦C 0.2 mm ±45◦ 2
ABS [10] blue 105 ◦C 245 ◦C 0.2 mm ±45◦ 2

Before starting the printing process, the materials are dried: PLA at a temperature of 45 ◦C and
ABS at 60 ◦C, for 4 h each. To ensure equal environmental conditions during the printing process,
the filaments are directly processed from a filament storage box that regulates relative humidity at
17–20%. Before testing, all specimens are stored at 23 ◦C ambient temperature and a relative humidity
of 45–50% for at least one week in the laboratory. For the mechanical testing, the universal testing
system Instron 5966 (Instron®GmbH, Darmstadt, Germany) with a 10 kN load cell is used and all
specimens are clamped by a locking torque of 12 Nm. The tests are performed at 24 ◦C ambient
temperature, a relative humidity of 43%, and a constant testing speed of 2 mm per minute.

4. Results and Discussion

In this section, the results of the experimental investigations are presented and discussed. Figure 5
shows the median of the corresponding force and strength each with standard deviation of the
multi-material test specimens classified by load type. As both material transition zones failed
separately—suggesting a difference in the interface zones—the result of the compression-shear test
is divided into two values. This is probably caused by a difference in printing order and glass
transition temperatures.
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Figure 5. Bar plots of force (a) and strength (b) each with standard deviation of tensile, lap-shear, and
compression-shear multi-material test specimens with fracture pattern.

It can be seen that the standard deviation validates the developed geometry of test specimens for
testing multi-material parts manufactured by ME. However, because of comparatively low interface
strength of the representatively chosen material combination PLA and ABS, uncertainties regarding the
printing process (e.g., machine calibration or fluctuations in filament diameter) or testing procedure (e.g.,
tipping because of fixation) have a strong impact on the mean variation of the maximum strength.
All specimens failed in the material transition zone because of interface fracture. The tensile and
lap-shear test specimens show the lowest standard deviation of about 6.5%. The corresponding values are
39.70 N/0.24 MPa (tensile tests) and 65.49 N/0.53 MPa (lap-shear tests), respectively. On the contrary, the
results of compression-shear tests show a standard deviation of about 10%, which equates to a deviation
of 248.18 N in force and 0.79 MPa in strength. As a result of a lower layer bonding on the upside, where
PLA is deposited on ABS, the transmittable force and resultant strength is about 2.5 times lower and the
standard deviation is about three times higher relative to applied forces. The lower layer bonding most
likely corresponds to abnormalities in machine calibration; it could be identified that the PLA processing
nozzle had a larger distance to the ABS surface, which resulted in pores and a weaker initial bonding. In
addition, because of the lower extrusion temperature of PLA and higher glass transition temperature of
ABS, the diffusion at the upside interface is probably lower than on the downside.

The experimental set-up and the force-displacement curve for the conducted tensile tests are
shown in Figure 6. All specimens are clamped with a clamping length of 60 mm. The result indicates
a regular increase of the force and a brittle fracture behavior with a low deformation. Apart from
specimen 5, the transmittable forces are close together—between 0.62 kN and 0.68 kN.
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Figure 6. (a) Testing set-up of the tensile tests with the clamped multi-material test specimen made of
PLA (white) and ABS (blue) and (b) corresponding force-displacement curve recorded by Instron.
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However, each specimen shows a minor defect at the starting and ending point of the outer shell
in the fracture pattern. That can cause a general reduction of the maximum strength because they
are located at the stress peak of the interface (see Figure 7). As specimen 5 shows no abnormalities
in fracture pattern, the reduction of tensile strength could be the result of an error in clamping, for
instance, because of an additional bending moment caused by an inclination of the specimen.
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Figure 7. Failure pattern of multi-material tensile specimen 4 made of PLA (white) and ABS (blue)
with illustration of the imprinted infill pattern of the PLA part on the ABS surface and the defects on
starting and ending points.

The lap-shear specimens are clamped with a clamping length of 50 mm. The thickness of
specimens is selected in such a way that the bending moment is minimized. However, in the
experimental set-up of the lap-shear tests (see Figure 8a), a deformation of the PLA part can be
seen as a result of the shrinkage of ABS caused by cooling after the printing process. Essentially, the
highest deformation is located on the edges, even in the material transition. As a result of the thermal
shrinkage, residual stresses are introduced. However, these stresses are probably reduced by the
build table temperature that warms up the PLA part of the specimen to close to the glass transition
temperature. The results of the lap-shear tests are shown in Figure 8. These experimental results show
a low deviation of maximum force, except for specimen 4. The values for specimen 1, 2, 3, and 5 range
between 1.03 kN and 1.07 kN. Compared to the tensile tests, the displacement is about three times
higher. In addition, the increase of the force is not regular, but jagged with few decreases of the shear
force, which indicates a partial separation of the two materials.
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Figure 8. (a) Testing set-up of the lap-shear tests with the clamped multi-material test specimen made
of PLA (white) and ABS (blue), and (b) corresponding force-displacement curve recorded by Instron.
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Figure 9 illustrates the failure pattern of lap-shear specimen 3 (a) and specimen 4 (b). In contrast
to the tensile tests, material residues of PLA are visible on the ABS surface. This can result from both a
higher temperature in the material transition due to the heated build platform, and a force transmission
parallel to the layer. In the case of shear force, the surface roughness supports the mechanical coupling
and improves the maximum lap-shear strength. The decrease of force of specimen 3 is most likely
initiated by a defect in the material transition due to small unwanted strands of plastic called stringing
(see Figure 9b). An underextrusion, on the other hand, in the PLA part, can be the reason for premature
failure of specimen 4 (Figure 9b). Besides, a decrease of force at 0.3 mm displacement is noticeable
for all specimens, which is comparable to the point of failure of the tensile specimens. This decrease
probably results from the front surface’s bonding of the PLA part to the ABS interface because material
residues of PLA are visible in the material transition of the ABS part (see Figure 9a,b).
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Figure 9. Failure pattern of multi-material lap-shear specimen 3 made of PLA (white) and ABS (blue)
(a), and specimen 4 (b) with illustration of both, minor defects due to stringing and underextrusion
and material residue of PLA on ABS surface.

The load-displacement curve of the compression-shear tests in Figure 10 shows that the load
remains at zero until the specimens reach an extension of about 0.3 mm, because they are not clamped
in the clamping jaws at the beginning of testing. For specimen 1, 2, 4, and 5, the values of maximum
force range from 2.34 kN to 2.75 kN, at which the displacement lies in a range of about 0.8 mm to
0.9 mm, which corresponds to the displacement of the lap-shear tests. However, specimen 3 already
fails at 2.03 kN and a displacement of about 0.7 mm. The standard deviation of maximum transmittable
force is about 10.2%, and is consequently higher than in the tensile and lap-shear tests. Furthermore,
two decreases of force can be seen in the force-displacement curve, which represent the failures of
interface on the downside (second peak) and upside (first peak) related to the build direction during
the printing process.
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Figure 10. (a) Testing set-up of the compression-shear tests with the clamped multi-material test
specimen made of PLA (white) and ABS (blue), and (b) corresponding force-displacement curve
recorded by Instron.

The first decrease of force at about 0.6 mm displacement arises from the failure of the upside
at which PLA is processed on the ABS surface (see Figure 11b). This possibly results from both an
underextrusion due to abnormalities in machine calibration and a decrease in layer bonding caused
by the lower extrusion temperature of PLA combined with the higher glass transition temperature of
ABS. Hence, there is a lower polymer chain entanglement (diffusion). In addition, a deformation of the
PLA interface at the downside is visible, because ABS significantly shrank during the printing process.
This is comparable to the lap-shear specimens. Probably, the geometry of the deformation enhances
the maximum transmittable force. Moreover, as a result of the higher extrusion temperature of ABS,
PLA’s lower glass transition temperature and the low distance to the heated build platform caused a
higher mobility of the polymer chains at the downside so that a stronger entanglement took place.
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Figure 11. Failure pattern of multi-material compression shear specimen 3 made of PLA (white) and
ABS (blue) at both interface on the downside (a) and on the upside (b) relating to the build direction.
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5. Conclusions

This paper has presented a development of novel test specimens for characterization of
multi-material parts manufactured by ME based on standards for mechanical testing of plastics
and bonds. As PLA and ABS are commonly used materials for the ME process, they were chosen for
the conducted experimental investigations. The developed test specimens for the exemplary load types
tensile, lap-shear, and compression-shear were manufactured and tested in accordance with standards
for each corresponding load type. The test results show that the conducted test methods, including the
proposed test specimens, enable a quantification of the bonding quality in the material transition of
ABS and PLA. Thus, the design of ME multi-material parts with respect to the interface strength is
possible. However, process parameters (e.g., build platform and printing temperature of PLA [18])
and material properties (e.g., glass transition temperature) affect the resultant interface strength and
have to be considered for designing multi-material ME parts. Hence, the developed test specimens can
be utilized for the identification of influencing factors on the interface strength with regard to the load
type and, in addition, for its optimization.

Further research will concentrate on both an explicit analysis on process-specific influencing
factors on the interface strength and a development of methods for its improvement considering
additive manufacturing’s design freedom. Another focus is on an elaboration of test specimens for
other load types, for example, bending and torsion. The applicability of the presented specimen
geometries on hard/soft material combinations needs to be examined, and they probably have to be
adapted because of their significantly different mechanical behavior. In addition, different positions of
the interface zones, for example, within a layer and variable geometries in the material transition, such
as a diagonal interface in z direction, will be investigated. A long-term aim is the development of a
method for supporting conceptual and detail design of multi-material ME parts for a goal-oriented
integration of specific functions, for example, thermal radiation, electric conductivity, or damping. The
presented work plays a key role in this method.
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