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Multi-material additive manufacturing, as an additive manufacturing technique with the ability to simulta-
neously print multiple materials, is widely used in generating composites with multi-colors, complex multi-
material structures, and materials with gradient properties. It also becomes a powerful tool in the study of

Mate_rlial Jetting structure-property relationship in composites, mechanical metamaterials, biological and bioinspired materials.
-;firfl:;eispmperty However, the material mixing at the printed interfaces leads to unpredictable material properties which will
Strength significantly affect the overall performance of the 3D printed materials or parts. In this study, we systematically

investigate the tensile properties, including stiffness and strength, of 3D printed multi-material interfaces. The
specimens with double and multiple interfaces are designed, fabricated, and tested. The effect of the material
jetting process on the topology of the interface and the effect of printing orientation and material thickness on
the mechanical properties are evaluated experimentally. A material mixing model based on hyperbolic tangent
function is proposed to quantitatively describe the material property distribution at the interface. The findings
reported here provide a deep understanding of the mechanical properties of 3D printed multi-material interfaces,
and therefore provide guidelines for the design and fabrication of 3D printed multi-material architectures and

materials with desired properties.

1. Introduction

Additive manufacturing, also known as 3D printing, has been ra-
pidly developed during the past several decades [1] to meet different
functionality, complexity, and accuracy requirements. With all the ad-
vantages of additive manufacturing, multi-material additive manu-
facturing can print multiple materials simultaneously, which brings
added material-specific functionalities and increases the design space
[2]. For example, with the multi-material additive manufacturing
technique, 3D printed parts can be printed with multiple colors [3].
Fiber-reinforce polymer composites can be printed out with fibers dis-
persed in a polymer matrix [4]. Gradient metallic structures [5] and
metal-ceramic structures [6] are also promising applications of multi-
material additive manufacturing. Moreover, multi-material additive
manufacturing becomes a powerful tool in the study of structure-
property relationships in biological and bioinspired materials [7].

Multi-material jetting techniques, such as PolyJet multi-material
printing (PMP), have been widely used in the study of the structure-
property relationship of composites, mechanical metamaterials,
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biological and bioinspired materials. First, it helps to understand the
mechanical property of these materials and unravels the underlying
mechanisms. For example, with mechanical testing on 3D-printed
analogues, the influence of detailed structures on the mechanical
properties of biological materials, such as the wavy interfaces in plant
seed coats [8], interlocked tablets in nacre [9,10] and osteon structure
in bone [11], has been revealed. Second, it is used to guide and opti-
mize the structural design of bioinspired materials. By conducting
systematic tests of 3D printed specimens with different geometric
parameters, optimized designs with better mechanical properties can be
realized [12-18]. Third, it can also be used to validate the optimized
designs created by novel design approaches such as multi-material to-
pology optimization [19] and machine learning-based design [20].

In the material jetting printing process, liquid-like base materials
are jetted by a heated printhead onto the printing tray and typically
cured thermally or through UV light (see Fig. 1). This procedure is re-
peated for each layer until the final height of the part is reached. For
this process, the jetting nozzles in different printheads can jet different
materials, including supporting material for overhanging features. Due
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Fig. 1. Printheads of Objet Connex260 3D printer. (a) The schematic of the printing tray and printheads. (b) Eight paralleled printheads allocated to VeroWhite,

TangoPlus, and Supporting Material. (c) Jetting nozzles on the printheads.

to the limitation of this technology, the mixing volume between the two
materials may affect the properties of the interface. Especially, the
mechanical properties of bio-inspired materials with thin material in-
terfaces can be dramatically affected because the property of interfaces
is one of the key factors dominating the overall mechanical properties.
In several recent studies, it has been found that the mechanical prop-
erties predicted from finite element simulations are usually better than
those from experimental testing for these multi-material printed spe-
cimens [9,21]. Certainly, the differences may attribute to anisotropy,
inhomogeneity of jetting materials, and defects between layers during
the printing process. In addition, it has been realized the material
mixing at the interface of two constituent materials may account for the
differences between experiments and simulations [8,22,23]. For ex-
ample, in the simulation [8], Young’s modulus used for the soft inter-
face/material is almost 10 times larger than Young’s modulus of pure
soft material. Accordingly, to better design and tailor multi-material
structures, the interface properties of 3D printed multi-material parts
need to be fully investigated.

Recently, extensive research has been conducted on the mechanical
properties of 3D printed parts and materials, and many factors are
found to be able to significantly affect the results. For example, printing
orientation has been proved to influence the mechanical properties
especially when the critical load direction is parallel to the vertical
direction [24,25]. Other factors, such as finishing process [24], printing
speed [26], printing orientation [27], UV exposure time, and material
storage time [28] have been well studied. As for the adhesive bonding,
the effect of surface roughness on overall strength has been studied and
a clear dependency is observed [29,30]. The effect of adhesive thick-
ness has also been investigated both experimentally and numerically
[31,32]. Although many researchers have studied the mechanical
properties of 3D printed single-material parts and adhesive bonding,
however, little is known about the properties of the 3D printed multi-
material interfaces. Recently, the mechanical properties on the micron
scale [33] have been studied using nanoindentation and showed a
smooth transition from stiff material to compliant material. The
strength of the interfaces between the constituent 3D printed material
and the default mixing materials has also been examined [34]. More-
over, the effects of patterns of graded material interfaces on the fatigue
property in material jetted parts have been investigated [35,36]. These
findings present a preliminary understanding of the mechanical prop-
erties of 3D printed multi-material interfaces.

In this study, we have designed a series of specimens for testing the
stiffness and strength at the interface in multi-material additive

manufacturing. A Polyjet multi-material 3D printer (Objet Connex260,
Stratasys, Ltd) is used to fabricate these specimens. The micro-struc-
tures of the interfaces between two 3D printed constituent materials are
observed by using an optical microscope. Tensile tests on these 3D
printed specimens are conducted, and the effective stiffness and effec-
tive strength of specimens with multiple interfaces and different
printing orientations are obtained. To quantitatively understand the
material mixing and material property transition at multi-material in-
terfaces, a material mixing model based on a two-parameter hyperbolic
tangent function is proposed. This material mixing model accurately
explains the effect of the printing material thickness and the printing
orientation, providing a tool to design complex 3D printed multi-ma-
terial architectures and composites.

2. Materials and methods
2.1. Sample design

Two groups of dogbone specimens are designed based on TYPE I
tensile specimen in ASTM D 638-14 [37]. All specimens are made of
two base materials: a rigid polymer material VeroWhite (white part
shown in Fig. 2) and one soft rubber-like material TangoPlus (green
part shown in Fig. 2). The first group of specimens is designed to obtain
the effective strength of the interfaces. One thin layer of TangoPlus is
introduced in each VeroWhite specimen, resulting in two interfaces
between TangoPlus and VeroWhite, as shown in Fig. 2(a). Specimens
with various designed TangoPlus thickness t = 0.1, 0.3, 0.5, 1.0, 2.0,
and 6.0 mm are considered to study the thickness effect on the effective
strength. In the second group of specimens, multiple TangoPlus thin
layers are introduced in each specimen to obtain the effective stiffness
of the interfaces, where the thickness of TangoPlus layer varies with
t=0.1,0.3,0.5, 1.0, 2.0 and 6.0 mm, but the total TangoPlus thickness
in each specimen is kept the same, T= 6.0 mm, leading to the number of
TangoPlus layers as n= T/t (see Fig. 2(b)). To study the effect of the
printing orientation, these specimens with 5 different printing or-
ientation 6 = 0°, 22.5°, 45°, 67.5°, 90° with respect to the printing di-
rection have also been fabricated, as shown in Fig. 2(c). There are 60
designed tensile specimens with different combinations of TangoPlus
thickness and printing orientation, and 6 specimens made of pure
VeroWhite and TangoPlus for references.
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2.2. Sample fabrication

All specimens in this study are fabricated using the Objet
Connex260 3D printer (Stratasys, Ltd) which allows printing two dif-
ferent materials simultaneously with PMP technique. The schematic of
the printing tray and print heads are shown in Fig. 1(a). The XY plane is
the plane of the printing tray and the X-direction is defined as the
printing direction. Note that although the printhead moves in both X
and Y directions in the PolyJet process, the materials are jetted out from
the jetting nozzles only when the printheads move back and forth along
the X-direction. Eight printheads are assembled parallel to each other
along X-direction. Two printheads are allocated to VeroWhite (marked
with white), two to TangoPlus (marked with green), and four to a gel-
like supporting material (marked with black). 100 jetting nozzles are
equidistantly distributed along Y-direction on each printhead as shown
in Fig. 1(b). The distance between two adjacent jetting nozzles on one
printhead is 0.68 mm (Fig. 1(c)). For the two printheads allocated to the
same material, the distance along Y-direction between two adjacent
nozzles on each printhead is 0.34 mm (Fig. 1(c)). In the printing pro-
cess, the printheads firstly move to a specific position based on the
design. Then, the printheads move back and forth along the printing
direction (X-direction), meanwhile, the liquid-like base materials are
jetted out from the jetting nozzles and cured through UV lights in-
stantly. One layer of the part is generated through such process and the
designed part is printed layer by layer until the design height is
reached. For all designed samples, 3 identical specimens are fabricated
and tested for each data point. All specimens are stored for ~24 h to get
fully curing with stable mechanical properties before testing.

2.3. Mechanical testing and optical microscopy observation

Uniaxial tensile tests are performed using an MTS mechanical tester
(C43) with 1 kN and 10kN load cells (Fig. 2(d)). The tensile tests are
conducted in a quasi-static regime with a displacement rate of 0.4 mm/
min. Digital Image Correlation (DIC) measurement system is used for
determining the distance between two designated points within the
gage length of the specimen during the test. The load is recorded by the
MTS mechanical tester. With the load-displacement curve of the spe-
cimen and stiffness value of pure VeroWhite, the stiffness and strength
of the soft material with interfaces can be calculated. Note that the
load-displacement curves measured from the tests cannot be directly
transferred to stress-strain curves because of inhomogeneous deforma-
tion, where the total displacement is contributed by two parts: dis-
placement of VeroWhite and displacement of TangoPlus. By removing
the displacement of rigid VeroWhite from the total displacement, the
stress-strain relation of soft TangoPlus with interfaces can be obtained,
and the effective stiffness E; can, therefore, be calculated as:
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Fig. 2. Specimens for tensile testing. (a)
Dogbone samples with a thin layer of
TangoPlus/two interfaces for measuring the
strength. (b) Dogbone samples with multiple
TangoPlus layers but the same total thickness
for measuring the stiffness. (c) Designed spe-
cimens on the printing tray with 5 printing
orientations. (d) A 3D printed specimen loaded
on an MTS mechanical tester.

T fo =4

Ei=— -
Ao(dy = d) = S50 = 1) a

where, (d,, f,)and (d,, f;)are the upper and lower points of the linear
region of the measured load-displacement curve. A, is the original
cross-sectional area, A, = 65mm?. G is the gage length, G = 50mm. E, is
the modulus of the pure VeroWhite. The effective strength of g, is de-
fined as o, = W/A,, where W is the maximum load. The interfaces are
examined under an AmScope optical microscope equipped with an
Amscope MU1000 microscope digital camera. The color and texture of
the two materials are observed. The light source is adjusted carefully to
obtain pictures with high contrast between two materials. Two objec-
tives of 4X and 10X are used for the overall and detailed structure of the
interfaces. Moreover, the microscope is calibrated with a calibration
slide to measure the dimension.

3. Results and discussion
3.1. Micro-structures of the interfaces

Specimens with TangoPlus thickness t=0.1 mm, 0.3 mm, 1.0 mm,
and printing orientation 6 = 0°, 45°, 90° are imaged as shown in
Fig. 3(a—c). White dashed lines mark represents the designed bound-
aries of the interface, the printing directions are the X-directions shown
in the figures. For specimens with t=0.3 mm, 1.0 mm, a clear interface
between TangoPlus and VeroWhite can be observed since the light
transmittance of TangoPlus is much higher than that of VeroWhite.
However, for specimens with t=0.1 mm, the interface boundaries are
not clearly shown in the image. These two materials are mixed together
at the interface. Comparing the interfaces with different printing or-
ientations in Fig. 3(b) and (c), interfaces with printing orientation
6 = 0° show clear boundaries, and the actual thicknesses of TangoPlus
are nearly the same as the designed thickness. Interfaces with printing
orientation 6 = 45°, 90° have fuzzy boundaries and the actual thick-
nesses of TangoPlus are slightly smaller than the designed thickness.
Apparently, printing orientations do affect the micro-structures of the
interfaces. Fig. 3(d) shows clear straight boundary line at the interface
with printing orientation 6 = 0°, while drop-shaped structures are
found at interfaces with printing orientation 6 = 45°, 90°, and the di-
rections of the drop-shaped structures are the same as the corre-
sponding printing orientations. The distance between two droplets is
~0.34mm, which is identical to the distance between two jetting
nozzles as mentioned previously. Moreover, under the layer of drop-
shaped structures on the surface, another layer of drop-shaped struc-
tures can be observed at the interface with printing orientation 6 = 90°.
All these indicate that the drop-shaped structures formed from the
material jetting process at different printing orientations will affect the
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Fig. 3. Micro-structures of the interfaces. (a-c) Microphotographs of interfaces with TangoPlus thickness t=0.1 mm, 0.3 mm, 1.0 mm and printing orientation 6 = 0°,
45°, 90°. (d) Microphotographs of boundaries of interfaces with printing orientation 6 = 0°, 45°, 90°.

material mixing at the interface and further the mechanical properties.

3.2. Mechanical response under tensile loading

Fig. 4 shows the typical load-displacement curves of specimens with
t=0.1 mm, 1.0 mm, 6.0 mm and 6 = 0°, 45°, 90° under tensile loading.
Interestingly, fractures always occur in TangoPlus even though some of
them are very close to the interfaces. The interfacial adhesion between
two materials formed upon printing is strong so that the specimens do
not fail at the interface region. This is consistent with previous studies
[34,38], in which most of the specimens did not fail at the interfaces.
Although a few specimens were “observed” to have interface failure in
their studies, however, the location of the fractures was not exactly on
the interface because clear same residual materials can be observed on
both sides of the broken specimens. For the cases of t =0.1 mm, a
sudden drop is observed at small displacement, indicating catastrophic
failures that are evidenced in the deformation images before and after
the sudden drops (Fig. 4(a)). The cracks initiate and propagate through
TangoPlus and the fracture surfaces are very smooth. Because the
thickness of TangoPlus is small, the total failure displacement is small.
However, for the case of t=1.0 mm, as shown in Fig. 4(b), there are 2
peaks in the load-displacement curves and the load gradually drops to O

after the second peak. The first peak indicates the yielding of interface
materials, however, which are not simple rubber. After that, multiple
voids appear in the designed TangoPlus area before complete failure,
leading to rough fracture surfaces after failure. The second peak cor-
responds to the progressive failure of all ligaments formed between
voids. Clearly, the material mixing and the resulting inhomogeneous
stress distribution are playing a significant role to cause this failure
mode. For the cases of t=6.0 mm, a sudden drop is observed at a much
larger displacement, and the images show a typical failure behavior of
rubber with a flat and smooth fracture surface. As for the effect of
printing orientation 0, similar load-displacement curves and fracture
surfaces are observed with different printing orientations, which im-
plies that printing orientation 0 can hardly affect the failure modes in
this study.

Fig. 4(d) shows the DIC measurement result of strain distributions of
specimens with single and multiple layers of TangoPlus with
t=2.0 mm. It demonstrates the stiffer material has much lower strain
while the softer material has higher strain as expected. Near the in-
terface, a clear graded strain transition region is observed, indicating
that material mixing occurs in that region, which will be modeled
quantitatively in the next section. Generally, the strain distribution in
each material is homogeneous under such uniaxial loading condition.
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Fig. 4. Typical load-displacement curves, deformation and strain distributions. (a) t=0.1 mm. (b) t=1.0 mm. (c) t=6.0 mm. (d) DIC strain distributions of specimens

with single and multiple thin layers of TangoPlus, t=2.0 mm.

Fig. 5 shows experimental results of the effective stiffness and ef-
fective strength of TangoPlus with interfaces with t = 0.1, 0.3, 0.5, 1.0,
2.0, and 6.0 mm, calculated from the load-displacement curves. The
stiffness and strength of VeroWhite (2192 MPa and 40.4 MPa) and
TangoPlus (0.486 MPa and 0.421 MPa) are also shown for comparison.
In general, the results have a good consistency. All the effective stiffness
and effective strength increase with the decrease of TangoPlus thickness
dramatically, showing a strong interface effect. The effective stiffness
can vary from 0.6 MPa (t=6.0 mm) to more than 400 MPa (t=0.1 mm),
while the effective strength varies from 0.8 MPa (t=6.0 mm) to more
than 20 MPa (t=0.1 mm). This also indicates the thickness of the

material mixing area is comparable to the designed TangoPlus thickness
of 0.1 mm so that the material properties are significantly differentiated
from TangoPlus. Note that in the tests for the effective strength, in each
specimen the number of interfaces is fixed as 2, but the number of in-
terfaces is up to 120 in the tests for the effective stiffness. The quanti-
tative discussions will be provided in the next section.

Printing orientation can also affect the tensile properties. It is pos-
sible to see a trend that the effective stiffness and effective strength
increase ~2—3 times when printing orientation changing from 0° to
90° with smaller TangoPlus thickness. However, when the thickness is
larger, t=6.0 mm, the printing orientation has no clear influence on the
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Fig. 5. Calculated effective tensile properties of TangoPlus with the corre-
sponding interfaces from experiments. (a) Effective stiffness. (b) Effective
strength. In each specimen, the designed thickness of TangoPlus
t = 0.1-6.0 mm and the number of interfaces 2n = 2-120.

tensile properties. To further study the effect of printing orientation on
the effective stiffness and effective strength, a coefficient of variation
(CV) has been calculated quantitatively:

S(E-E)?

5
=% @
where E; is the effective stiffness; i from 1 to 5, indicate 5 different
printing orientation; E is the average value of the effective stiffness. CV
of the effective stiffness and effective strength for each group of
TangoPlus thickness and 2 base materials (VeroWhite and TangoPlus)
are shown in Fig. 6. In general, the effect of printing orientation on the
effective stiffness is greater than the effect on the effective strength. For
the base materials, the CVs of stiffness and strength are all very small
(less than 3 %), which indicates the printing orientation has a small
influence on the mechanical properties of pure material printing. The
CVs have the largest values when t=0.3 mm and 0.5 mm, and decrease
with the increase of TangoPlus thickness. When t is larger than 2.0 mm,
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the CVs of both effective stiffness and effective strength is less than 10
%. These results indicate that the printing orientation can affect the
micro-structures of the interfaces, and further affect the mechanical
responses of the specimens under tensile tests. Especially, when the
TangoPlus thickness is smaller and close to 2 times the thickness of the
material mixing area, the effect is more significant.

3.3. Material mixing model

To quantitatively explain the difference of the tensile properties
caused by different material thicknesses and printing orientations, the
thickness of the mixing area, and the properties transition in the mixing
area need to be further studied. Note that the material mixing range is
very narrow, ~0.2 mm at each interface (Fig. 3(d)), however, it cannot
explain the stiffness discrepancy observed with t=2.0mm and
t= 6.0 mm. During the printing process, a roller moves back and forth to
smooth out the jetted material and prepare a flat surface for the next
layer. The material mixing range could be expanded, which can be hard
to observe directly (still we can find traces in Fig. 3(c)), but dramati-
cally change the mechanical properties. To describe the material mixing
area and the material property transition in the mixing area, a sound
material mixing model is needed.

Different forms of hyperbolic tangent functions have been used to
describe the variations of material properties of functionally graded
material and polymers at different temperatures [39,40]. While graded
distribution has also been observed in the mixing areas, a hyperbolic
tangent function is assumed to describe the mechanical properties
transition. The designed boundary of the interface is marked with a red
dashed line in Fig. 7(a). In theory, the material on the left side of the
designed boundary is VeroWhite while TangoPlus on the right side. Due
to the material mixing, there is a mixing area near the designed
boundary where the material property is generally changed from Ver-
oWhite to TangoPlus as shown in Fig. 7(a). The printing orientation
affects the position and the thickness of the mixing area, where the
effective material stiffness distribution can be described by 2 para-
meters a and b in the hyperbolic tangent function:

1 1 (x+ b))

E(x) = —(E, + E;) + —(E; — Ey)tanh| ——
€9 2(1 2) 2(1 2) ( 4 @)
where E (x) is Young's modulus distribution in the mixing area. E; and
E, are Young's modulus of VeroWhite and TangoPlus, respectively. a is
a parameter proportional to the thickness of the material mixing area.
For the perfectly designed case, a=0. b represents the shift of the in-
flection point in the hyperbolic tangent function as shown in Fig. 7(a).
Therefore, the equivalent stiffness distribution at the interface as a
function of t and 0 can be obtained as:
¢ E,
c. >
2 Ey- ‘/‘%1‘ em(x+b(e))+1
-2 2
2 boa® P g 4
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Fig. 6. (a) Coefficient of variation of the effective stiffness. (b) Coefficient of variation of the effective strength.



F. Liu, et al.

(a)

Propertieg of_ ero

. : . : : . : . .
S L -
S |
- — 0 L6 _lammbmmE
Sl — e=s5 : o5l IoH250 Noma W |
=l 0=90° 45° 0138 009 |
S g | 90° 0.143 0.08
o S A | i
8 B VeroWhite TangoPlus
= E—
E st A
»n“| I
o
Sl |
<
0 L " 1 N i N f
05 -04 -03 -02 -01 0 01 02 03 04 05
Distance from the boundary (mm)
. (©

I Experiment (8 = 0°)
I Experiment (0 = 45°)
> Experiment (6 = 90°)

S10F — Theory (8= 0°)
=3 ~—— Theory (6 = 45°)
2 Theory (6 = 90°)
210"
10} |
»
100t e .
3x10™ . . .

10 20 30 40 50 60
Thickness t (mm)

Fig. 7. Material mixing model based on hyperbolic tangent function. (a)
Schematic material mixing area and material property transition curve based on
hyperbolic tangent function. (b) Material property transition curves of inter-
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where s is the designed distance between two interfaces (see Fig. 2(b)).
The fitting values of a and b and the corresponding hyperbolic tangent
functions of stiffness for interface with printing orientation 6 = 0°, 45°,
90° are shown in Fig. 7(b). a increases from 0.125mm to 0.143 mm
when 6 changes from 0° to 90°, explaining why the effective stiffness
with 8 = 90° has higher values. Based on the material mixing model
and the calculated parameters a and b, theoretical predictions of the
effective stiffness as a function of designed TangoPlus thickness have
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Fig. 8. Material property distributions at the interfaces with t = 0.3, 0.5 and
1.0 mm.

been calculated, as shown in Fig. 7(c). The theoretical results and ex-
perimental values match well, which implies the material mixing model
can accurately describe the effect of printing orientation and material
thickness on the measure of effective stiffness.

Fig. 8 shows the material property distributions at the interfaces of
three designed TangoPlus thicknesses based on the material mixing
model, where the material property of VeroWhite is the upper bound
and that of TangoPlus is the lower bound. When the designed thickness
is smaller than 0.3 mm, the material property of the designed TangoPlus
region is clearly different from the pure TangoPlus. This is consistent
with previous studies [8]. However, when the designed TangoPlus
thickness is larger than 1.0 mm, the material properties between 2 in-
terfaces can reach the lower bound as pure TangoPlus. Fig. 8 clearly
explains the effective tensile properties observed in Fig. 5 where the
designed thickness of TangoPlus has a significant effect. The effective
stiffness relies on the number of interfaces, but the effective strength
depends more on the thickness of each TangoPlus layer.

Regarding the effective strength, it’s hard to determine where the
material yields first based on Fig. 8 because of highly inhomogeneous
material distribution in the specimens (not necessary at the center of
TangoPlus, such as the region close to the edge). A finite element model
is developed for the further study of the effective strength observed in
Fig. 5. As shown in Fig. 9(a), a % model is created due to the symmetric
boundary conditions. In the mixing area, the mesh size is as small as
0.01 mm. Based on the position of each element, the material properties
are assigned accordingly from the material mixing model (Fig. 8),
where E, 0, and v that used in FE simulation are calculated using Eq. (4),
correspondingly. The same parameters a and b are used for all E, o, and
v although they are determined from the modulus data only. Despite the
microstructures observed in Fig. 3, it is assumed that the material
property transition is smooth and uniform. Fig. 9(b) show the simula-
tion results of the effective strength as a function of designed TangoPlus
thickness for 6 = 0°, 45°, and 90°. It is consistent with the experimental
results that the effective strength increases with the decrease of Tan-
goPlus thickness. However, experimental values are clearly smaller
than the FEM predictions when TangoPlus thickness is small. This is due
to the uncertainties at the interface area in the specimens, including the
microstructures observed previously, the defects introduced during the
3D printing process, and the inhomogeneity in the material mixing.
Another reason could be that the strength data defined for each element
in the FE simulation are not sufficiently accurate. Because the stress and
strain distributions in TangoPlus and the interfaces are largely not
homogeneous and not changing uniformly, the introduction of errors is
unavoidable. To obtain a more accurate prediction, a more sophisti-
cated model needs to be developed, which is not covered in the current

paper.

4. Conclusion

The interface properties are of critical importance to the overall
performance of multifunctional structures and composites fabricated by
multi-material additive manufacturing. This paper systematically
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Fig. 9. FEM simulation based on the material mixing model. (a) FEM model and
material distribution based on the hyperbolic tangent function. (b) Simulation
and experimental results of the effective strength.

investigates the tensile properties of multi-material interfaces fabri-
cated via PolyJet multi-material printing technique. The effective
stiffness and strength are found to be strongly dependent on the in-
terfacial material thickness and the printing orientation. Interfaces
between rigid and compliant materials are found to be strong due to the
material mixing during the printing process, where the material prop-
erty distribution can be quantitatively described. It is suggested that the
minimum thickness of the printed material in the multi-material jetting
should be larger than 2a (~0.28 mm in current study) in order to
minimize the interface effects. The material mixing model developed in
this study successfully predicts the effective stiffness and effective
strength calculated from the experiments. The findings here present an
important understanding of the microstructural mechanics and prop-
erties of 3D printed multi-material parts and materials, where the in-
terfacial behavior plays an important role.
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