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Abstract
Additive manufacturing or 3D printing is the process of depositing material layer-by-layer to create 3-dimensional products. 
When creating 3D-printed products from two or more materials, multi-material additive manufacturing processes are used 
which eliminate the need for assembly operations. Fused filament fabrication multi-material additive manufacturing permits 
the production of a single printed item employing multiple materials in fused filament fabrication. This work studied the 
factors affecting fused filament fabrication multi-material additive manufacturing, by reviewing existing works, designing 
part(s), conducting design of experiments, and carrying out parts’ performance test. An E3D multi-material filament 3D 
printer was utilised throughout this study. The chosen polymer combination was polycarbonate (PC) and poly(methyl meth-
acrylate) (PMMA), whilst the design and testing of the multi-material parts was limited to lap-shear testing. Results showed 
that the interface bonding of the PMMA/PC (PMMA printed first and followed by PC) specimens was stronger than the 
one of the PC/PMMA specimens. Furthermore, to investigate the effect of the contact or overlapping area on the interface 
bonding strength, PMMA/PC specimens with varying dimensions were designed, printed, and tested. When the contact area 
was reduced, a strong interface bonding between the PMMA and PC layers was still maintained.

Keywords  Additive manufacturing · Fused filament fabrication · Multi-material additive manufacturing · Interface 
bonding · Lap-shear testing · Shear strength

1  Introduction

The ISO/ASTM 52900 standard [1] defines additive manu-
facturing (AM) as the fabrication of products through the 
addition of materials layer by layer from solid computer-
aided design (CAD) models. AM is used for rapid pro-
totyping and the production of final products due to its 
high efficiency [2]. The seven AM technology categories 
include binder jetting, directed energy deposition, material 
extrusion, material jetting, powder bed fusion, sheet lami-
nation, and vat photopolymerisation. In this work, fused 
filament fabrication (FFF) was investigated which is an 

extrusion-based AM process [1]. Multi-material additive 
manufacturing (MMAM) techniques produce parts made 
up of two or more materials, which avoids assembly work 
of separately manufactured components [3]. MMAM prod-
ucts find their applications in the biomedical, robotics, and 
electronic fields [4].

The literature reviewed relating to FFF and FFF MMAM 
showed that only a few MMAM studies have been con-
ducted, especially in the selection of materials to combine. 
The research carried out by Li et al. [5] and Rajpurohit and 
Dave [6], used single material FFF, where both concluded 
that lower layer thickness values resulted in greater tensile 
strength and bonding strength since less heat was required 
for adjacent strands to bond. Previous works have identi-
fied that several processing parameters have an influence 
on the quality and strength of multi-material specimens. 
However, they were limited to mainly raster angle, printing 
speed, nozzle diameter, printing order, infill pattern, infill 
density, and machine calibration [2, 7–9]. Other research 
studies such as the work by Freund et al. [10] determined 
the influencing factors on MMAM using different material 
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combinations; however, it only analysed the factors which 
are written in bold as shown in Fig. 1 and reasons for those 
selections were not given. Yap et al. [9] fabricated tensile 
and flexural specimens using acrylonitrile butadiene styrene 
(ABS) and PC, and examined the printing speed, infill den-
sity and nozzle diameter printing parameters, to understand 
PC’s effect on the mechanical properties of MMAM parts. 
It was concluded that an increase in printing speed reduced 
the mechanical properties, whilst larger nozzle diameter 
improved them. In addition, greater infill density values 
enhanced the flexural strength and flexural modulus, how-
ever, reduced in elongation.

In some works, parameters such as layer thickness and 
number of perimeter shells were taken as constant values 
[4]. In this work, all factors were first still taken into consid-
eration since their effects could differ from one to another 
application. Specimens of various designs were developed to 
perform various mechanical tests, such as tensile, lap-shear, 
and compression testing. The process parameters and quality 
of specimens influences the type of adhesion mechanism.

This study delves into the underlying mechanisms and 
factors that influence the interlayer bonding strength and 
quality of the bonds between the different materials in a 
multi-material 3D-printed product. Following a research 
methodology adopted from Duffy and O’Donnell [11], a 
comprehensive approach is employed, encompassing a 
literature review, selection analysis, experiments, and con-
clusions. Since there are similarities between welding and 
MMAM, several polymer material combinations which con-
sist of compatible polymers, including polymers blending 
miscibility, were identified. However, for this study, there 
were research boundaries such as the MMAM limited to 

polymer-based FFF using the available filaments on the mar-
ket, only one material combination used, the E3D printer 
utilised without a heating chamber, and mechanical testing 
limited to lap-shear testing to determine the interface bond-
ing strength. For originality and advancement of research in 
the FFF MMAM, it was ensured that the material combina-
tion selected had not been previously explored and a new 
specimen design was created to understand the influence 
of the selected printing parameters. Finally, suggestions 
were proposed for future work to expand knowledge on FFF 
MMAM technologies.

2 � Materials and methods

2.1 � Materials

Possible material combination pairs were evaluated based on 
the material compatibility and blending miscibility. Screen-
ing of the material combinations was then carried out using 
the following criteria: the pair not yet studied, material 
availability in filament form, the materials not from similar 
monomers, their processing temperature below the maxi-
mum temperature of the printer’s nozzles, and both materials 
possessing different material properties in terms of tough-
ness and brittleness, as shown in Table 1. Material pairs that 
include polymers as a polymer group such as thermoplastic 
elastomers (TPE*) were eliminated since TPE includes dif-
ferent thermoplastic elastomers such as thermoplastic polyu-
rethane and thermoplastic polyolefins, and hence, the type 
of TPE could not be determined. Since the material combi-
nation polycarbonate (PC) and poly (methyl methacrylate) 

Fig. 1   Ishikawa diagram showing the influencing factors on multi-material AM [10]
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(PMMA) fulfilled the above criteria, they were then chosen 
as the material pair for this study. The filaments chosen were 
a black ePC by eSUN (Shenzhen, China) and a red transpar-
ent PMMA by Devil Design (Mikołów, Poland).

2.2 � Methods

2.2.1 � 3D‑printing setup

A 3D-printing system by E3D (London, United Kingdom) 
was used for this study which is equipped with four differ-
ent tools/printing heads and a tool changer, which allows 

the tool changeover to produce multi-material parts in one 
printing cycle. Figure 2 shows the assembled E3D printer. 
The PrusaSlicer software was the slicer software utilised 
throughout this study. Machine calibration was carried out 
to enable the fabrication of prints with the desired dimen-
sional accuracy and specifications. Calibrating the E3D 
printer consisted of homing and tool change configurations, 
PID tuning of the heaters, bed levelling and automatic bed 
mesh levelling, and adjusting the Z-, X- and Y-offsets. In 
addition, custom G-codes were incorporated into the set-
ting of the printer to carry out prime lines and purging after 
the completion of a tool change. E-step calibration followed 

Table 1   Material combination 
selection
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by extrusion multiplier calibration was also completed to 
modify the actual amount being extruded out of the nozzle 
of the printing heads.

PC and PMMA are both hygroscopic polymeric materials 
and hence it was ensured that filament drying was completed 
before initiating the prints [12, 13]. Two eBOX Lite filament 
dryers by eSUN (Shenzhen, China) were used to pre-heat 
and dry both filaments before and during 3D printing with 
the following parameters: 6 h at 80 °C for PC and 6 h at 
75 °C for PMMA filament. Issues regarding adhesion of the 
polymer layers to the printing bed were present; therefore, 
after cleaning the printer bed with isopropyl alcohol, a thin 
layer of an adhesive polyvinyl acetate glue was added to the 
bed before each print.

2.2.2 � Design of testing specimen

Since the interface bonding strength of the chosen PC 
and PMMA material combination for FFF MMAM was 

unknown, two specimen designs were created and named as 
Design A and Design B. Design A was mainly to investigate 
the influence of the printing approach in terms of the move-
ment of the nozzle and was created based on the dimensions 
of the ASTM D3163 standard, as shown in Fig. 3. This is a 
standard test method for determining strength of adhesively 
bonded rigid plastic lap-shear joints in shear by tension 
loading [14]. Whilst the overlap length was increased for a 
higher contact/overlapping area of the inter layers, the over-
all length of the specimen was reduced to decrease the print-
ing time. The dimensions of Design A are shown in Fig. 4.

Design B was created also based on the ASTM D3163 
standard, as shown in Fig. 5, with such modifications that the 
second material will be printed directly on the overlapping 
area where shear would be tested. The design also resulted 
in the second material having a lower volume to be printed 
due to the removal of the tab from the original standard 
lap-shear sample and does not consist of overhung material. 
Design B was used to conduct the design of experiments and 

Fig. 2   Assembled tool changer 
and motion system including a 
tool changer and four Hemera 
filament extruders

Fig. 3   Standard test dimensions 
following the ASTM D3163 
standard [14]
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to investigate the effect of overlapping/contact area for the 
processing parameters and printing order which resulted in 
the highest bonding strength. For the latter test, the overlap-
ping area of Design B was gradually decreased.

2.2.3 � Printing experiment

Eight factors were analysed to determine which parameters 
are to be utilised in the design of experiments (DOE). Layer 
thickness and raster width were selected whilst the other 
parameters were given constant values throughout all the 
prints as shown in Table 2. The levels for each factor were 
then determined.

Layer thickness Layer thickness, also referred to as layer 
height, describes the thickness or height of each deposited 
layer along the z-axis of the printed item. The layer thick-
nesses were selected to be less than the nozzle diameter, 
ranging from 25 to 80% of the nozzle diameter or half the 
nozzle diameter [15]. The E3D printer’s nozzle used was 
0.4 mm in diameter [16]. As a result, the chosen layer thick-
nesses were 0.1 mm (25% of the nozzle diameter) as the 
minimum level value, and 0.2 mm (50% of the nozzle diam-
eter), as the maximum level value of this factor.

Raster width and raster angle The raster width, also 
known as the infill line width, is typically set at the noz-
zle diameter; however, in this case, greater interface bond-
ing required taking 120% of the nozzle diameter, resulting 
in a width of 0.48 mm ≃ 0.5 mm [17]. Therefore, 0.5 mm 
and 0.4 mm were chosen as the maximum and minimum 

Fig. 4   Dimensions of Design 
A with an increased overlap-
ping area to 25 × 25 mm2 and 
a decreased overall length to 
85 mm resulting in a small 
overhanging gap of 5 mm

Fig. 5   Dimensions of Design B with an overlapping area of 
25 × 25 mm2

Table 2   Constant printing parameters

Printing parameters
Raster angle/infill line direction (°) 0
Infill density (%) 100
Infill pattern Aligned 

recti-
linear

Extrusion/processing temperature (°C)
 PC 250
 PMMA 235

Extrusion multiplier 1
Build plate temperature (°C) 90
Printing speed (mm/s) 60
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levels of this factor. The raster angle of 0° was taken at a 
constant value to be able to test the highest expected strength 
during the lap-shear testing. With a raster angle of 0°, the 
extruded strands would be aligned parallel to the direction of 
loading during lap-shear testing, and hence would maximise 
their ability to resist the applied force.

The printing order in multi-material specimens was also 
an important factor and was taken into consideration by the 
generation of two DOEs for the two printing orders: PC 
followed by PMMA (order designation PC/PMMA) and 
PMMA followed by PC (order designation PMMA/PC). A 
1/2 2-level fractional factorial resolution IV design was used 
for each printing order, resulting in 8 runs. The factors and 
their respective levels and the DOEs for each run of both 
printing orders are listed in Tables 3 and 4, respectively. 
Each run was repeated three times to obtain accurate results 
and reduce overall experimental errors.

A Python file was developed to enable the printing of 
multiple specimens with the same factors and levels using a 
single G-code. With this file, each lap-shear specimen may 
be completed utilising both materials before proceeding on 
to the next specimen.

2.2.4 � Lap‑shear testing

Mechanical testing was conducted using the Testometric 
M350-20CT (TestometricTM, Lancashire, England) tensile 
testing machine with a 20 kN load cell and steady rate of 

tensile force was applied. The EN ISO 527-1:2012 [18] for 
determination of tensile polymer properties was followed 
where a test speed of 2 mm/min was selected, which was the 
same speed utilised in another study [7].

A customised tensile puller was created to carry out 
the lap-shear tests of the new specimen. The puller was 
designed in such a way so as to allow symmetrical pulling 
of the specimen from the centre of the part, i.e. the inter-
face between the first and second material. The puller was 
made to accommodate the machine and replace the standard 
tensile grippers. Clearances and semi-circular holes were 
incorporated into the design to account for any warpage as 
well as to address any potential dimensional errors that could 
occur whilst printing the specimens. To ensure symmetrical 
testing, an additional aluminium block was machined and 
attached to the other side of the specimens during testing 
to compensate for the thickness of the specimen. Figure 6 
depicts the design and assembly of the puller, the block, and 
the testing specimen during the lap-shear testing.

3 � Results and discussion

3.1 � Failure modes

No standards or terminology on the failure modes of lap-
shear specimens are currently available for additively 
manufactured polymer parts. The likely failure modes of 

Table 3   Factors and their 
respective levels for PC/PMMA 
and PMMA/PC

Factors PC/PMMA PMMA/PC

PC PMMA PMMA PC

Max Min Max Min Max Min Max Min

Layer thickness (mm) 0.2 0.1 0.2 0.1 0.2 0.1 0.2 0.1
Raster width (mm) 0.5 0.4 0.5 0.4 0.5 0.4 0.5 0.4

Table 4   PC/PMMA and PMMA/PC DOE

Run no. PC/PMMA PMMA/PC

PC layer 
thickness 
(mm)

PC raster 
width (mm)

PMMA layer 
thickness (mm)

PMMA raster 
width (mm)

PMMA layer 
thickness (mm)

PMMA raster 
width (mm)

PC layer 
thickness 
(mm)

PC raster 
width (mm)

1 0.2 0.4 0.1 0.5 0.2 0.4 0.1 0.5
2 0.1 0.4 0.2 0.5 0.1 0.4 0.2 0.5
3 0.2 0.5 0.2 0.5 0.2 0.5 0.2 0.5
4 0.2 0.4 0.2 0.4 0.2 0.4 0.2 0.4
5 0.1 0.4 0.1 0.4 0.1 0.4 0.1 0.4
6 0.2 0.5 0.1 0.4 0.2 0.5 0.1 0.4
7 0.1 0.5 0.1 0.5 0.1 0.5 0.1 0.5
8 0.1 0.5 0.2 0.4 0.1 0.5 0.2 0.4
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adhesive lap-shear specimens are shown in Fig. 7. How-
ever, the terminology could be utilised and altered such 
that adhesive failure was referred to as interface failure, 
light-fibre-tear failure as layer-tear failure and stock-break 
failure kept the same terminology [19].

3.2 � Visual analysis

The DOE specimens were visually inspected to identify 
the optimal printing parameters and determine whether 
the prints were repeatable. It is important to note that the 
first two specimens (A and B) were printed consecutively 
in the same printing cycle, whilst the third specimen (C) 
was printed separately. The results of each run for both the 
printing orders, PC/PMMA and PMMMA/PC are shown 
in Tables 5 and 6 respectively.

Specimen C from run 4 of the PC/PMMA printing order 
and specimen C from run 3 of the PMMA/PC order had 
good surface quality. In contrast, other specimens showed 
mixed surface quality, with some having one material with 
a high surface finish and the other with a poor surface fin-
ish. Some specimens had rough surface finishes for both 
materials.

The use of a 0.1 mm layer thickness in the PMMA/PC 
printing order resulted in lower surface quality for both 
materials. Bulges or bumps were observed in the middle of 
the second material in some prints, caused by the PMMA 
material at a 0.1 mm layer thickness. Warping at the cor-
ners occurred due to material shrinkage during printing, 
even though a brim was incorporated into the design of 
each specimen.

Fig. 6   a CAD model of puller, 
block, and testing specimen and 
b assembly of puller, block, 
and testing specimen in the 
Testometric M350-20CT tensile 
testing machine

Fig. 7   Typical failure modes of lap-shear specimens [19]
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3.3 � Dimensional analysis

A Mitutoyo Digimatic Indicator 543-515-1 IDF-150 (Japan) 
with a resolution of 0.001 mm was used to measure the 
thicknesses of the printed specimens, due to its influence on 
the bonding strength. These measurements revealed whether 

the print had decreased or increased in size. The first mate-
rial may have shrunk or increased in size during the tool 
change or printing, influencing the position of the second 
material's first layer. The second material’s position could 
affect the interface bonding between the two materials. Fig-
ure 8 shows the location and order of the readings taken.

Table 5   Top and side views of PC/PMMA specimens

Specimen A Specimen B Specimen C

Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

Run 7

Run 8
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Figures 9 and 10 show bar charts of the average thick-
nesses and standard deviations for both printing orders of 
the material combination. It was observed that in the PC/
PMMA printing sequence, the thickness of the first mate-
rial printed (PC), was consistent throughout and that none 
of the average values were less than 6 mm, independent 

of the process parameters of each run. In the PMMA/PC 
printing order, the thickness of the first material (PMMA) 
varied, with most specimens having average thicknesses 
larger than 6 mm, although runs 1 and 4 had average thick-
ness values less than 6 mm.

Table 6    Top and side views of PMMA/PC specimens

Specimen A Specimen B Specimen C

Run 1

Run 2

Run 3

Run 4

Run 5

Run 6

Run 7

Run 8
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When comparing the two printing orders, more accurate 
thicknesses of the first material were obtained when print-
ing PC first than when printing PMMA first. The optimal 
run for both printing orders was run 6 as it generated the 
first material of the specimen as required, i.e. a thickness 
of roughly 6 mm. Similarly, due to the addition of thicker 
PMMA material, most of the runs of the PC/PMMA print-
ing order resulted in an overall thickness larger than 12 mm. 
In terms of overall thickness, run 4 for both printing orders 
resulted in values less than 12 mm. Overall, the optimal 
specimens had a total thickness of 12.007 mm and were 
printed in run 8 of the PC/PMMA printing order.

3.4 � LAP‑shear analysis

3.4.1 � Lap‑shear tests of PC/PMMA

The different runs produced different values of force, elon-
gation, and strength, depending on the process parameters 
used and dimensional accuracies achieved. Interface failure 
and layer-tear failure modes were experienced throughout 
all the specimens of the printing order PC/PMMA. It was 
concluded that the shear strength of this printing order was 
lower than the tensile strength of PC, which according to 
its material datasheet is 54.88 MPa, since the major failure 
mode was interface failure [20]. The highest shear strength 
was achieved by the specimens of run 7 with an average 
shear strength of 7.573 ± 4.957 MPa, i.e. only 13.8% of PC’s 
tensile strength. These specimens were printed using the 
same printing parameters for both materials i.e. the lowest 
layer thickness (0.1 mm) and highest raster width (0.5 mm). 
This highest interface bonding resulted from the highest con-
tact area created by the same and highest raster width and 
accompanied by the same and lowest layer thickness. As 
stated in Li et al. [5] and Rajpurohit and Dave [6], a lower 

Fig. 8   Measurement positions 
of a first material thicknesses, b 
and c total specimen thickness

Fig. 9   Box plot of first material thickness against run number

Fig. 10   Box plot of total specimen thickness against run number
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layer thickness resulted in greater bonding strength due to 
the high amount of heat which aided the melting and fus-
ing of the deposited layer to the previous layer. However, 
the lowest shear strength was obtained using different print-
ing parameters for each material, i.e. where PC was printed 
with a layer thickness of 0.2 mm and a low raster width of 
0.4 mm, followed by a layer thickness of 0.1 mm and a ras-
ter width of 0.5 mm for PMMA. This difference in printing 
parameters resulted in less contact area at the interface due 
to the difference in raster widths.

A Pareto chart was plotted to determine the most influenc-
ing factors of the PC/PMMA specimens in shear strength as 
shown in Fig. 11. It was concluded that all the factors could 
be considered equally significant since none of the factors 
exceeded the reference line at 3.182, which is the t-quantile 
of the t-distribution, identified using the Minitab software.

The mean response value was applied to the maximum 
and minimum levels of each factor in the main effects plot to 
highlight the relationship between the factors and the shear 
strength. Figure 12 shows that the PC layer thickness was a 
significant factor for the PC/PMMA specimens. In addition, 
the shear strength was enhanced by lower PC layer thick-
ness values and greater PC raster width and PMMA layer 
thickness values. The shear strength was barely affected by 
the variations in raster width of PMMA. The ideal combina-
tion of factors for this printing order would be 0.1 mm and 
0.2 mm for PC and PMMA layer thickness, respectively, and 
0.5 mm for both PC and PMMA raster width.

Figure 13 shows the generated interaction plot for the 
PC/PMMA specimens, where the influence of one factor is 
dependent on the level of another factor. The raster width of 
PC had strong interactions with both the layer thickness and 
raster width of PMMA. Further examination of the interac-
tion plot between PC raster width and PMMA layer thick-
ness indicated that shear strength was greatest when raster 
width was kept high and layer thickness was kept low. The 
interaction plot between the raster widths of PC and PMMA 
revealed that shear strength was greatest when both raster 
widths were at their maximum. There were no interactions 
found between the other factors.

Most of the specimens of runs 1, 2, 3, 4, 5, and 8, exhib-
ited interface failure. This type of failure was character-
ised by a clean cut at the interface area. However, some 
of the specimens had the materials remaining in contact at 
the corners. The occurrence of this failure mode could be 
attributed to the print quality or the influence of the process 
parameters which fabricated these runs. However, run 6 dis-
played diverse failure patterns. Some specimens experienced Fig. 11   Pareto chart for shear strength of the PC/PMMA specimens

Fig. 12   Main effects plot of the 
factors on shear strength of the 
PC/PMMA specimens
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interface failure, similar to the aforementioned runs, whilst 
others exhibited layer-tear failure. Run 7 consisted of speci-
mens A and C experiencing layer-tear failure with some PC 
residue at the PMMA corner, whilst specimen B had most 
of the PMMA sheared off along with the PC as shown in 
Fig. 14. Despite variations in shear strength values, run 7 
specimen B had the highest average shear strength amongst 
all runs. The lower force and strength in specimens A and C 
could be attributed to interface defects caused by PC residue. 
Greater overall thicknesses correlated with better interface 
bonding and increased shear strength.

3.4.2 � Lap‑shear tests of PMMA/PC

All the specimens of the PMMA/PC printing order expe-
rienced stock-break failure, i.e. the PMMA/PC interfacial 
bonding strength was greater than the tensile strength of 
PMMA as shown in Fig. 15. This is because the PC’s higher 
extrusion temperature of 250 °C and PMMA’s lower glass 
transition temperature Tg of 90 °C, aided in polymer chain 

diffusion and entanglement. The PC’s molecular chains 
remained mobile and could easily diffuse into the PMMA 
during printing because of its greater extrusion temperature, 
whereas PMMA’s lower Tg enabled the PMMA macromol-
ecules to become mobile whilst the first PC layer was being 
printed.

Although all the specimens failed in stock-break fail-
ure mode, different ultimate tensile strength values were 
achieved due to the process parameters which fabricated 
the PMMA in the different runs. Greater ultimate tensile 
strength values were achieved when the specimens were 
fabricated with a layer thickness of 0.1 mm such as ones 
from runs 2, 7, and 8. Compression of the layers occurred 
since more layers were deposited which reduced voids or 
air gaps between the layers. These runs also attained the 
greatest average thicknesses, which may have contributed to 
obtaining high tensile strength due to the additional mechan-
ical adhesion and interlocking at the interface. The lowest 
and highest tensile strength obtained were 5.445 MPa and 
27.9 Mpa, respectively, which means 8.4% and 42.9% of the 

Fig. 13   Interaction plot of 
the factors of the PC/PMMA 
specimens

Fig. 14   Failure pattern of Run 7 specimens made of PC (black) and PMMA (red) illustrating the layer-tear failure of specimen A and C, and the 
first-layer PC residue on PMMA of specimen B
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tensile strength of PMMA, which according to its material 
datasheet is 65 MPa [21].

3.5 � Influence of contact area

Since the PMMA/PC specimens obtained the highest inter-
face bonding, the process parameters of run 6 were selected 
as the most optimal run, in terms of dimensional and thick-
ness accuracy. Therefore, three specimens with a reduced 
overlapping area of 15 × 15 mm2 were fabricated. However, 
stock-break failure occurred at the cross-section of the 
PMMA (Fig. 16a); hence, there was no effect on the con-
tact area as shear strength was still greater than the tensile 
strength of PMMA.

The area was further reduced to 5 × 5 mm2 where layer-
tear failure mode occurred in the three specimens with some 
of the PMMA sheared off with the peeled off PC material 
as can be seen in Fig. 16b. The specimens experienced such 
a failure mode since the force required for layer-tear failure 
is lower than for stock-break failure of PMMA, due to the 
smaller contact area, provided that the same interface bond-
ing was achieved. It could be assumed that a similar material 
diffusion occurred as in the DOE PMMA/PC specimens, 
which resulted in a high interface bonding.

3.6 � Printing approach

The printing simulation of the Design A specimen showed 
that the order of printing the layers consisted of printing the 
area where shearing was going to occur using the second 
material, followed by printing the tab, i.e. the clamping area. 

This decreased the time required to print the interface to be 
tested. Interface bonding is affected by which layer is printed 
first, as the temperature of the previous layer using the first 
material would be higher, enabling a better bond between 
the two materials. This design required the use of either sup-
port material or the addition of a bridge. However, a bridge 
was selected to reduce the post-processing and removal of 
the support material. High interface bonding was obtained 
with this design but was not practical due to overhanging 
of the material printed second. Stock-break failure of the 
PC occurred, namely at the overhanging area (Fig. 17), 
where only 2.15% and 2.68% of PC’s tensile strength was 
obtained. This low strength could be related to the hygro-
scopic property of PC, which may have absorbed moisture 
during printing despite filaments pre-drying but due to the 
relatively long printing time and lack of printing enclosure. 
In addition, the extruder nozzle was required to move along 
the entire specimen and not only the overlapping shear area.

4 � Conclusions

The aim of this work was achieved through the develop-
ment of new test specimens for the characterisation of 
MMAM parts by FFF to determine the influencing factors 
on the interface strength. The test results showed that the 
PC/PMMA specimens were more dimensionally accu-
rate than the PMMA/PC specimens. Three failure pattern 
modes were accomplished throughout all the specimens 
based on the DOE, including interface failure, layer-tear 
failure, or stock-break failure. Lap-shear testing showed 

Fig. 15   Failure pattern of Run 
7 specimens made of PMMA 
(red) and PC (black) illustrating 
the PMMA stock-break failure 
of all specimens

Fig. 16   Failure pattern of Run 6 
specimen made of PMMA (red) 
and PC (black) with a reduced 
overlapping area to a 15 × 15 
mm2 still resulting in a stock-
break failure of the PMMA, 
and to b 5 × 5 mm2 leading to a 
layer-tear failure caused by a too 
small overlapping area
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that the PC/PMMA specimens with lower layer thick-
nesses and higher raster widths resulted in higher inter-
face bonding and shear strength. Regarding the PMMA/
PC specimens, the interface bonding was greater than 
the tensile strength of the PMMA material, resulting in a 
stock-break failure mode.

Overall, the printing order of the material pair selected 
did influence the properties and interface strength of the 
specimens. However, the overlapping area did not have 
an influence on the PMMA/PC specimens as high shear 
strength was obtained, although the thickness and surface 
roughness of the specimens may have provided additional 
bonding for mechanical adhesion. Finally, careful con-
sideration must be given to the specimen design in FFF 
MMAM.

For future work, additional work and improvements 
using the same material pair may be carried out. These 
include analysing further the causes of the low tensile 
strength, determining different ways to shear the PMMA/
PC specimens, determining quantitative values, and the 
effects of the surface roughness on the interface bonding, 
analysing the fracture modes at the interfaces, creating a 
full factorial DOE, and applying the results to print real 
parts.
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