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Abstract

Purpose — Three-dimensional printing (3DP) is an established process to print structural parts of metals,
ceramic and polymers. Further, multi-material 3DP has the potentials to be a milestone in rapid
manufacturing (RM), customized design and structural applications. Being compatible as functionally graded
materials in a single structural form, multi-material-based 3D printed parts can be applied in structural
applications to get the benefit of modified properties.

Design/methodology/approach — The fused deposition modelling (FDM) is one of the established low
cost 3DP techniques which can be used for printing functional/ non-functional prototypes in civil engineering
applications.

Findings — The present study is focused on multi-material printing of primary recycled acrylonitrile
butadiene styrene (ABS), polylactic acid (PLA) and high impact polystyrene (HIPS) in composite form.
Thermal (glass transition temperature and heat capacity) and mechanical properties (break load, break
strength, break elongation, percentage elongation at break and Young’s modulus) have been analysed to
observe the behaviour of multi-material composites prepared by 3DP. This study also highlights the
process parameters optimization of FDM supported with photomicrographs.

Originality/value — The present study is focused on multi-material printing of primary recycled ABS,
PLA and HIPS in composite form.
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1. Introduction

The three-dimensional printing (3DP) is known as ‘additive manufacturing’ which forms the
object by successive layers of materials for different application areas (Singh et al, 2018b; Singh
et al., 2018d). It has the potential/impact to transform manufacturing supply chain, distribution
channel and business model (Kumar ef al, 2018). But when fabricated components are
evaluated on the basis of mechanical durability, 3DP is seen as the doubtful techniques and,
therefore, a challenge to the researchers and scientist is to improve the mechanical/thermal
properties of the parts prepared. There are many commercially available 3DP technologies
(Singh et al, 2018b; Singh et al, 2018d; Kumar et al, 2018; Kumar et al,, 2017a; Kumar et al.,
2017h; Singh et al, 2016) like fused deposition modelling (FDM), stereo lithography (SLA),
inkjet printing, selective laser sintering (SLS), digital light manufacturing (DLP), selective laser
melting (SLM), electronic beam melting (EBM), laminated object manufacturing (LOM), etc.
The FDM is the melt extrusion process in which robotic device works on the CNC/NC
programming to control the heating and movement of the filaments. The extruded material
through the nozzle head is directed on the print bed and immediately hardened to ensure the
part fabrication. To ensure the better dimensional stability of the component formed, it is
required to process the printing below the melting point of the substrate (Kariz et al., 2018;
Hambali ef al, 2017). The sustainability of the part produced by the FDM is the function of the
filament preparation (extrusion is the basic process used for the preparation of feedstock
filaments). The extrusion process is increasingly important from sustainability viewpoints for
targeting reusability of waste thermoplastic materials (Singh et al, 2018c). Mechanical
properties of FDM fabricated parts are highly dominated by their filament processing. The
mechanical sustainability of the fabricated part is dependent upon the nature of processing of
the initial component (grinding, extrusion, etc.), barrel temperature, rotational speed and torque
are some of the input variable during the filament processing which largely affects the
mechanical sustainability of the FDM fabricated parts (Singh and Singh, 2016).

Manufacturing and technology environments are fuelling a new generation of engineer,
scientist and designers. Just as it made at home polymer 3D printers a commonality today, the
world could eventually see a metal or ceramic 3D printer become common in an average
household. To achieve this goal, future inventions in next generation structures using existing
materials via AM will surely need to revolve around cost reduction, improved performance and
advanced structural design (Bandyopadhyay and Heer, 2018). The study conducted for 3DP of
multilateral component of acrylonitrile butadiene styrene (ABS) and thermoplastic
polyurethane (TPU) reveals with support of 3D imaging that interface properties are found in
control with good layers connectivity (Guessasma et al, 2017). Multi-material 3DP has the
potentials to be a milestone in RM, customized design and structural applications. Being
compatible of functionally graded materials in a single structural form it can be applied
potentially in structural application to get the benefit of combined properties of different
materials. The multi-material printing provides a fast and robust structure with compact
functionality of all combined materials (Muguruza et al, 2017; Ngo et al, 2018). It was
suggested that hybrid manufacturing (additive + subtractive) process can fulfil the demand of
high dimensional accuracy, less post-processing with improved surface properties (Lee ef al,
2017). The multi-material 3DP has fascinating applications for new smart 4D structures which
can provide the achievement of shape/property/functionality (Momeni ef al, 2017). It was
highlighted that existing AM techniques such as FDM can be modified to hybrid deposition
manufacturing (HDM) with embedded component to produce more complex, integrated multi-
material component than traditional techniques (Ma et al, 2015). It was reported that build
orientation, fabrication parameters and associated variable can largely affect the connection
between the multilateral interfaces during 3D printing, so this should be optimized to get better



mechanical, thermal and surface properties (Bittner et al, 2018; Meisel, 2015; Mohammed et al.,
2016; Vu et al.,, 2018). ABS is common thermoplastic which is amorphous in nature and having
high impact resistance, low thermal conductivity, heat resistance and toughness to potentially
applicable in civil engineering field. Generally, two types of ABS are classified one as ABS for
moulding and other as ABS for extrusion/printing. The impact and toughness strength of ABS
can be amplified by increasing the proportion of polybutadiene in relation with styrene and
acrylonitrile in ABS matrix (Rutkowski and Levin, 1986). Polylactic acid (PLA) is a
biodegradable and bioactive thermoplastic material derived from renewable resources such as
corn starch, cassava roots, chips or sugarcane. The PLA exhibits the range of crystallinity and
mechanical properties in between the polystyrene and polyethylene terephthalate. The bio-
degradability and bio-compatibilities are the key advantages of PLA to promote its use in the
structural and bio-medical applications (Martin and Averous, 2001). ‘High impact polystyrene’
(HIPS) is a low-cost polymer which provides the ease of fabrication and machining. It is
categorized as the low strength structural application when it is required to have low cost
impact strength, machinability and fabrication. It is largely used for the pre-production
prototypes since it has high dimensional stability and ease to fabrication, paint and glue. ABS,
PLA and HIPS are differently characterized thermoplastic material, which allow the FDM
processes for fabrication of advanced graded component with superior functionality at
different scales (Kumar and Singh, 2018; Singh et al, 2017b; Singh et al., 2018a; Singh et al.,
2017c¢; Singh and Kumar, 2017; Singh et al, 2017d; Barretta ef al, 2017).

The literature survey reveals that multi-material component comprised of advantages of
all the material combined together and can be potentially applied in the area of civil
engineering fields especially in structural application. As FDM is the cost-effective
technique, this can be a potential tool for fabrication of multi-material component at
minimum cost. In the present study, differently characterized ABS, PLA and HIPS were
selected as multi-material and 3D printed together to combine the advantages of all
polymers. Thermal (Heat capacity at glass transition temperature, thermal conductivity)
and mechanical (break elongation, break load, percentage elongation at break, break
strength and Young’s modulus in tensile as well as pull out test) properties have been
investigated of 3D printed multi-material component.

2. Materials and methods
Three different thermoplastics (namely: ABS, PLA and HIPS) were selected for the
experimentation. ABS is amorphous in nature and having high impact resistance. Low
thermal conductivity, heat resistance and toughness, bio-degradability and bio-
compatibilities are the key advantages of PLA, whereas HIPS is a low strength structural
polymer which have better machinability and fabrication characteristics with low cost.
During pilot study, all three selected thermoplastic were subjected to thermal and
mechanical testing, which resulted in dissimilar mechanical/thermal properties as
anticipated. PLA was observed with maximum break elongation, break load, break
strength, heat capacity rate and melt flow index (MFI) but minimum Young’s modulus and
glass transition temperature, whereas HIPS was observed just opposite of PLA (Table I). So,
detailed study was conducted to combine these materials in a single form so that final
product may have the advantages of all thermoplastics. The break load, break strength and
Young’s modulus are the properties which are desired to be in maximum, whereas break
elongation and percentage elongation at break are properties which desired to be minimum
for structural engineering application.

The twin screw extrusion (TSE) was used to prepare the feedstock filaments of diameter
1.75 £ 0.05 mm. The file format of .STL was sliced in 12 layers of 0.27 mm layer thickness, it
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TableI.
Mechanical, thermal
and rheological
properties of ABS,
PLA and HIPS

was sliced to form the 4 layers each of ABS, PLA and ABS. Followed by preparations of
experimental design multi-material 3D printed components based upon ASTM D638 type
IV have been prepared and then tested for tensile properties. Multifactor optimization based
upon analysis of variance (ANOVA) has been conducted on mechanical properties (along
with testing of thermal conductivity and flexural properties at optimized conditions). The
detailed step by step procedure is shown in Figure 1.

3. Experimentation

The experimentation phases of present study include systematic practices of MFI
characterization, differential scanning calorimetric (DSC) analysis, extrusion of feedstock
filaments, 3D printing on FDM setup and mechanical testing for properties evaluation.

3.1 MFI characterization

MFT is one of the rheological properties which determine the flow ability of material.
Sometimes MFI can be most important consideration because it can determine the viscosity,
hardness, shear strength and other mechanical-thermal characteristics of the product at an
elevated temperature. ASTM D1238 standard in the present study was used at 230°C with
applicable weight of 3.8Kg for ABS, PLA and HIPS for MFI evaluation with material
collected through the nozzle in gm/10minute. Figure 2 shows 3D view of MFI indexer.

3.2DSC
DSC is analytical tool for determination of thermal properties including melting points, glass
transition temperature, solidification temperature, degree of crystallinity, heat capacity rate,

Break Break  Break Glass Young’s Heat
elongation  Elongation load  strength MFI transition modulus capacity
Polymer (mm) at break (%) N) (MPa) (/10 min)  temp (°C) (MPa)  rate (J/g)

ABS 494 7 186.3 9.7 8.76 109.76 175 1.36
PLA 513 7 25416 1324 13.52 62.57 479 147
HIPS 247 3 72.72 3.79 7.50 100.41 112.5 117

Figure 1.

Steps involved in
multi-material 3D
printing




etc. These properties are defined under the controlled continuous heating (endothermic
reaction) and controlled continuous cooling (exothermic reaction). The endothermic reaction
was carried under the heating rate of +10°C/min from 30°C to 250°C, whereas exothermic
reaction was carried under —10°C/min from 250°C to 30°C. Figure 3 show the experimental
setup of a DSC and internal configurations.

3.3TSE

Extrusion is the process for preparation of feedstock in continuous form. There are variety
of the continuous extruder available which are classified based on the nature of operation,
intermeshing, axis of rotation and rotation direction. Extrudes are broadly divided in single
screw extruder (SSE), TSE. Figure 4 shows the detailed classification of screw extrusion
process. For the present study, TSE with intermeshing with co-rotating screws has been
used to form feedstock polymeric composite. In the present case, extrusion with TSE was

Reference Sample

Nz

Single screw Twin screw
extruder extruder

on- ==
£ e Inter [
mnter
screws
ontra- . ontra- P
- Coaxial % Co-rotating
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Parallel
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Figure 2.
Schematic
configuration of MFI
indexer

Figure 3.
Schematic of DSC

Figure 4.
Classification of
extrusion process
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Figure 5.
Photographic view of
the experimental
setup for extrusion of
feedstock filaments

Table II.

Design of experiment
of multi-material 3D
printing

performed under the temperature of 230°C, rotational speed of 50 rpm and with applied load
of 10 Kg to prepare the feedstock filaments of 1.75 * 0.05mm. The extrusion parameters
were determined by pilot experimentation based on uniformity and dimensional accuracy.
Figure 5 shows the 3D view of TSE used in present study.

3.4 FDM
Commercial open source FDM setup (Company: Divide by Zero) configured with two nozzle
head was selected for multi-material 3D printing. The static parameters for fabrication of
composite parts were include nozzle diameter of 0.3 mm, filament diameter of 1.75 = 0.05
mm, layer height 0.27 mm, 3 perimeters (by adjusting 3 top and 3 bottom layers), rectilinear
fill pattern, 30 mm/sec perimeter speed, travel speed of 130 mm/sec, at extrusion
temperature of 250°C and bed temperature of 55°C. The two parameters were varied for
fabrication of part on FDM (i) infill percentage of 60, 80 and 100 per cent, (ii) printing speed
of 50, 60 and 70 mm/sec. The multi-material printing was customized by total 12 layers with
4 layers of each material. The multi-material printing was configured as APH (four layers of
ABS on bottom, four layers of PLA in middle and four layers of HIPS on top), PHA (four
layers of PLA on bottom, four layers of HIPS in middle and four layers of ABS on top) and
HAP (four layers of HIPS on bottom, four layers of ABS in middle and four layers of PLA on
top). The design of experiment based upon Taguchi L9 orthogonal array has been prepared
and fabrication of component was performed by following design sheet (Table II).

The 3D printing of multi-material on FDM was processed by following systematic steps.
First, design of tensile component of dimension as per ASTM D 1238 type IV has been
prepared on SOLIDWORKS software and converted to the file type .STL. The prepared file

7
v ¥ TWIN SCREW EXTRUDER

FEEDER

==r%

Co-rotating
Experiment no. Material combination Infill (%) Printing speed (mm/sec)
1 APH 60 50
2 APH 50 60
3 APH 100 70
4 PHA 60 60
5 PHA 80 70
6 PHA 100 50
7 HAP 60 70
8 HAP 80 50
9 HAP 100 60




of STL file format was fed to the KISSLICER software to slice the designed component. A ABS, PLA and
total of 12 layers of 0.27 mm layer thickness has been sliced by varying the infill percentage HIPS
of 60, 80 and 100 per cent under printing speed of 50, 60 and 70 mm/sec as per Table II. After thermoplastics
this, an adhesion media of ABS + acetone was prepared by stirring it in ultrasonic stirrer for
30 min. The adhesion solvent was dispersed on the FDM bed and allowed to get dry for 5
min as standard for all. Then printing command has been given to fabricate the functional
prototypes of ASTM D 638 type IV. Figure 6 shows the commercial FDM setup and printing 121
of functional prototypes. Figure 7 shows functional prototypes of composites
(ABS+PLA+HIPS) printed as per Table II.

3.5 Tensile testing

Tensile testing of 3D printed multi-material component was performed on universal testing
machine (UTM) under room temperature of 28°C and tensile speed of 20mm/min as a
standard for all components. The output of tensile testing has been selected as break
elongation, percentage elongation at break, break load, break strength and Young’s

Filament FDM
spool printer

Figure 6.
Commercial FDM
setup

programming

Figure 7.

3D printed multi-
material component
as per ASTM D 638

type [V
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Figure 8.
Experimental view of
UTM and fractured
parts by tensile
testing

Figure 9.

Thermal conductivity
measurement by
Lee’s disc theory

modulus. Figure 8 shows the experimental setup for tensile properties evaluation and
fracture parts after testing.

3.6 Lee’s disc thermal conductivity measurement

The Lee’s disc method of thermal conductivity measurement is applicable to all the poorly
conducting materials like: woods, polymer, non-metals, glass and fibres. The method of
thermal conductivity measurement by this method was first reported by the British scientist
Lee. The Lee’s disc method is one of the established methods of thermal conductivity
measurement techniques which results a reliable output. Figure 9 shows the experimental
setup of Lee’s disc apparatus for thermal conductivity measurement.

The FDM was used to fabricate the component of diameter 110mm and thickness (x) of
3.3 mm. This functional dimension has been used to check its thermal conductivity by Lee’s
disc method. The samples of ABS, PLA and HIPS were printed separately and as multi
material followed by its thermal conductivity evaluation. Following heat flow equation has
been used for calculating thermal conductivity:

M.S. (f—;) X

A.(t1 - t2) M

where K is the thermal conductivity, M is the mass of metallic disc = 0.769Kg, S is the
specific heat capacity of Lee’s disc = 377 J/Kg-K, dt/dT is temperature gradient, A is the area
of sample = 0.0095 m?, t; is the steady temperature of steam chamber = 367K and ts is the
steady temperature of the Lee’s disc = 337K.




Here, the temperature gradient (dt/dT) of ABS, PLA and HIPS were observed as:
ABS =0.0513 K/s, PLA = 0.0663 K/s and HIPS = 0.0963 K/s.

Them upon putting the values of dt/dT of ABS, PLA and HIPS in Equation (1) given as:
KABS =0.1722 W/m.K.

KpLA =0.2225 W/mXK.

Kips = 0.3232 W/mK.

3.7 Flexural testing (three-point bend test)

The flexural strength is one of the most important consideration of the component to be
applied in engineering applications. The flexural test at optimized processing variables has
been performed as per ASTM D7264/D7264M — 15. Figure 10 shows the setup of flexural
test and tested component.

3.8 Pull out testing

For structural engineering application of 3D printed multi-material component, it must
fulfil the qualification on the basis of pull out properties. The comparative analysis of
all nine samples has been conducted under the pull speed of 5 mm/min. The pull-out
testing resulted in calculation of break load, break strength, break elongation and
percentage elongation at break to check the capabilities of 3D printed multi-material
component.

4. Results and discussion

The samples of recycled ABS, PLA and HIPS thermoplastic were subjected to thermal and
mechanical testing. The PLA was observed with maximum break elongation, break load,
break strength, heat capacity rate and melt flow index (MFI) but minimum Young’s
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Figure 10.
Experimental setup
for flexural testing
and tested 3D printed
component
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Figure 11.
DSC curves of ABS,
PLA and HIPS

modulus and glass transition temperature, whereas HIPS was observed just opposite of
PLA (Table I). The multi-material printing of ABS, PLA and HIPS were performed and then
thermal and mechanical properties have been analysed to optimize the set of input process
variables.

4.1 Thermal characteristics

Figure 11 shows the comparative DSC based thermo graphs of ABS, PLA and HIPS
thermoplastic material for glass transition temperature and integral heat energy
during heating as well as cooling. DSC curves resulted in the interesting fact that
ABS, PLA and HIPS are compatible to each other as all are having the similar ranges
of integral heat integral value. It was observed that integral heat intake during
heating of ABS has taken 13.63 mJ energy, PLA taken 14.71 m]J energy and HIPS has
taken 11.71 m]. This interesting fact reveals that multi-material can give the better
layer connectivity by 3DP if those are having the similar ranges of heat capacities. On
the other hand, during solidification of the material it was observed that ABS released

13.52 mJ, PLA released 10.80 m], whereas HIPS released 10.87 m] energy those are
also similar.

4.2 Tenstle properties

Break elongation, percentage elongation at break, break load, break strength and
Young’s modulus have been observed as an output by varying input processing
variables, such as material combination, infill percentage and printing speed (Table II).
The break elongation of ABS was observed as 4.94 mm, for PLA, it was 5.3 mm and
minimum for HIPS 2.47 mm. Break elongation was desired as ‘smaller is better’ and it
was observed that for experiment number 1 the break elongation was observed as
2.85mm which was larger than HIPS but at the same time it was smaller than ABS and
PLA. So, this observation resulted into the positive outcome that multi-material printing

1. Integral -13.63m)
mw normalized -1.36 Jg~-1
Onset 103.84 °C
. ABS, 23.05.2018 14:38:59 Peak 109.76 °C
10+ ABS, 10.0000 mg Endset 116.65 °C
B.PLA, 23.05.2018 16:09:58 2. Integral 1471 m)
| PLA, 10.0000mg normalized ~1.47 JgA-1
B. HIPS, 23.05.2018 12:58:40 Onset 59.16 °C
7 HIPS, 10.0000 mg Peak 62.57 °C
6 Endset 65.84 °C
1 3. Integral -11.71m)
.| normalized -1.17 Jg”-1
4 Onset 90.31°C ———
1 Peak 100.41°C L
2 Endset 108.20 °C ,\
8
3 1. Integral 13.52m) 1
O{ normalized 1.35Jg”-1
4 I\ — 1 Onset 115.63 °C
2 i Peak 110.26 °C
) J 2 Endset 99.78 °C
] /
-4 2. Integral 10.80 m)
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100 50°C

80 85 min



with HIPS polymer can reduce the elongation behaviour of composite material. Similar
observations were resulted for percentage elongation at break as in case of experiment
number 1, where percentage elongation was larger than HIPS but significant smaller than
ABS and PLA. The break load property is one of the most important properties for
selection of engineering components. The break load of PLA (254.1 N) was observed
larger than ABS (188.3 N) and HIPS (72.72 N). For experiment number 3, break load was
observed as 186.21 N which is little smaller than PLA and ABS but largely greater than
HIPS. Similarly break strength of PLA (13.24 MPA) and ABS (9.7 MPA) was largely
greater than HIPS (3.79 MPa), but combined printing of all these material at experiment
number 3 (9.7) was equal to ABS and significant smaller than PLA but largely greater
then HIPS. The most interesting results were observed in the case of Young’s modulus
where it was having Young’s modulus of PLA 47.9 MPa, ABS of 175 MPa and for HIPS
112.5 MPa. Printing at experiment number 4 resulted in the Young’s modulus of 325 MPa
having higher value than all of the single materials. Figure 12 shows the comparative
graphs of break elongation, percentage elongation at break, break load, break strength
and Young’s modulus with respect of varying input process parameters and virgin
materials.

Figure 13 shows the stress versus strain curves for 3D printed multi-material
components at all experiment conditions including virgin’s samples of ABS, PLA and
HIPS. Here, it is clear that virgin HIPS material observed in minimum value of tensile
strength and elongations. Similarly, virgin PLA was achieved maximum values of
strength of tensile strength and elongation properties. As the practical application
requires the requirement for maximum strength with minimum elongation, HIPS was
having most desired elongation and PLA was having most desired tensile strength
values. After 3D printing of multi-material component, it was observed that tensile
strength and elongation values of all multi-material printed components were
observed intermediate to the HIPS and ABS which shows the usefulness of present
study.

4.3 Pull out test

Pull out testing of 3D printed multi-material component resulted in observations of
break elongation, percentage elongation at break, break load and break strength with
varying the input process variables such as; material combination, infill percentage
and printing speed. Elongation properties were desired ‘smaller is better’, whereas
break load and break strength were desired ‘larger is better’. Break elongation and
percentage elongation at break at experiment number 9 (3.8 mm and 2 per cent) was
observed most desired lesser than all single materials. Break load of ABS was 116.55
Kg, PLA was 156.34 Kg and HIPS of 87.84 Kg, multi-material component at
experiment no. six resulted in 92.24 Kg which was smaller value than ABS and PLA
but greater than HIPS. Similar results were observed for the break strength where at
experiment number 6, the break strength was smaller than ABS and PLA but greater
than HIPS. Figure 14 shows the results of pull out properties of single as well as 3D
printed multi-material components.

Figure 15 shows the comparative curves of stress versus strain of 3D printed multi-
material components. From here, it was noted that strength of the most of the multi-
material component were come under ranges below PLA and ABS and above than
HIPS.
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Figure 12.

Tensile properties of
3D printed multi-
material component
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4.4 Micrographic observations

Photo-micrographic observations have been made at 30X magnification with Tool maker’s
microscope. The eye piece of tool maker microscope was configured with 15X magnification
whereas object lance with 2X| so there was total of 30X magnification. It was observed that
PLA resulted in the maximum value of break strength because their layers are fused well
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Figure 15.

Stress vs. strain
curves for 3D printed
multi-material
component in pull out

test
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resulting in more uniformity. The tensile strength for experiment number 3 (Table II) was
observed as maximum, the interlayer connectivity of ABS, PLA and HIPS thermoplastic
was observed as better (Figure 16). For experiment number 1, where tensile strength was
resulted in the minimum values the micrographs highlights that the layer connectivity in
this case in not uniform so less strength was attained (Figure 16).

4.5 Optimization of input process variables

For the production purpose at large scale of 3DP multi-material component, it is necessary to
have the optimized set of input process variable. The optimization of input process variables
based on the tensile and pull out outcomes have been conducted to determine the optimized
set of input process variables.

Towards optimizing input process variable for selection of best contributing process
parameters, the variance over Signal to noise (SN) have been calculated. SN ratio is always
desired to be maximum, conversion of material properties to SN ratio is predicted either
“Smaller is better” or “Larger is better”. For Mechanical properties, such as break load, break
strength and Young’s modulus, it is always to be maximum, whereas for break elongation
and percentage elongation at break it was desired to be minimum. For properties which
desired larger is better, SN ratios can be calculated as:

11
%Zy—z} @

k=1

n=-10 lg

For properties which desired Smaller is better, SN ratios can be calculated as:

%Zyz} ®
k=1

n=-10 lg




Where 7 is SN ratio, # is the number of experiment and vy is the material properties at
experiment number k.

Figure 17 shows linear model graph for SN ratios of tensile properties with respect to
input process variables. From here, it is noted that break elongation and percentage
elongation at break was resulted in the better SN ration because of APH material
combination, 60 infill density and 50mm/sec printing speed. For break load and break
strength, material combination of PHA, 100 per cent infill percentage and 70 mm/sec
printing speed came as the best setting. For Young’s modulus material combination as HAP,
80 per cent infill density and 60 mm/sec printing speed resulted in the best setting of process
parameters.

Observations from pull out testing categorised as: break elongation and percentage
elongation at break in ‘smaller is better’, whereas break load and break strength in
‘larger is better’. Figure 18 shows the linear model graph for SN ratios of pull out
properties. It should be noted that for break elongation and percentage elongation at
break material combination HAP, 100 per cent infill percentage and 60 mm/sec printing
speed resulted in the factors which contributed largely for SN ratio so it was best set of
parameters. For break load and break strength, material combination of PHA, 100 per
cent infill density and 70 mm/sec printing speed observed as the best set of input
process variables.
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Figure 16.
Micrographs of ABS,
PLA, HIPS and multi-
material components
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Figure 17.

Linear model for SN
ratios of tensile
properties
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From here, it was observed that for changes in the break elongation as tensile properties of
3DP multi-material component, material combination contributed 2541 per cent, infill
percentage contributed 35.31 per cent and printing speed was contributed maximum as 37.0
per cent. The residual error was observed 2.25 per cent that shows the good control over the
processing of components (Table III).

Table IV shows the response table for SN ratio of break elongation as the key for ranking
of input process variables. The printing speed was ranked as 1, infill percentage as Rank 3
and material combination was ranked 1 based on changes in SN ratios.

Now the use of statistical formula predicted the value of break elongation at optimized
set of process variable as suggested in Figure 18.

The optimum value of break elongation as tensile properties can be predicted by using
following equation:

Nept = M+ (Ma1—Mm) + (mp; — m) +(mcy — m) @)
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Z: Linear model for SN
” s ratios of pull out
. APH P:A HAP 60 80 10 50 60 o APH PHA HAP 60 80 100 50 60 ) properties
Source DF Seq SS AdjSS  AdjMS F P Y% age contribution
Material combination 2 6.1151 6.1151 3.0576 11.30 0.081 2541 . Tabl? L
Infill Percentage 2 84992 84992 42496 1570  0.060 3531 Analysis of variance
Printing Speed 2 89100 89100 44550 1646  0.057 37.02 for SNratios of break
Residual Error 2 0.5414 0.5414 0.2707 2.25 elongation in tensile
Total 8 24.0656 loading
Level Material combination Infill percentage Printing speed
1 —11.10 —10.70 —10.61
2 ~11.38 ~11.70 ~11.79 Table IV.
3 ~12.97 ~13.07 ~1305 Response table for
Delta 1.87 2.37 244 signal to noise ratios
Rank 3 2 1 (smaller is better)

Where ‘m’ is the overall mean of SN ratio, ma;is the mean of SN ratio for material
combination at Level 1, mp; is the mean of SN ratio for infill percentage at Level 1 and m¢q is

the mean of SN data for printing speed at Level 1.

yoptz = (1/10)"°PY10 for properties, smaller is better; and
Yopt = (10)7°P"1° for properties, larger is better.
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Considering break elongation as smaller is better:
Vo= (1/10)7°7% 6)

Calculation:
Overall mean of SN ratios (m) for peak load was calculated as:

m = —11.81dB (By calculating SN ratios at particular experimental condition)
Now from response table of signal to noise ratio, ma; = —11.10, mp; = —10.70, m¢; = —10.61
(From Table IV)

Now from Equation (4):

Nopt = —11.81 + (—11.10 + 11.81) + (—10.70 4 11.81) + (—10.61 + 11.81)
Nopt = —8.79
Now, from Equation (5):
Vopd: = (1/10)7PV10
Vop? = (1/10) 787910
Vopt = 2.75 mm

The predicted optimum value for break elongation in tensile testing = 2.75 mm.
Similarly, the remaining properties in tensile as well as pull out testing have been
predicted and shown in Table V.

4.6 Combined optimization of input process variables

There are number of setting which have been predicted for each of the properties and those
are available in the various combinations. For the actual production purpose, it must have
the one single parametric setting so that no requirement to change the hardware/software of
the machine. So keeping this prospect all the input parameter in a single setting has been
determined by combining SN ratios. After combining the SN ratios of all the tensile and pull
out properties, there was a single parametric setting, that is, APH material combination, 100
per cent infill density and 60mm/sec has been achieved (Figure 19).

4.7 Properties at optimized settings

As predicted that APH material combination, 100 per cent infill percentage and 60 mm/sec
printing speed was calculated as optimized set of input process parameters for production
prospects. At optimized set of process parameters printing of standard components have
been prepared and then properties like flexural strength, thermal conductivities have been
investigated.

4.7.1 Flexural strength at break. At predicted set of input process variables, the
flexural test of 3D printed multi-material component has been checked which is shown
in Figure 20. It was observed that flexural strength of HIPS was noted minimum as 2.01
MPa and PLA was noted maximum as 9.07 MPa, whereas ABS was having 7.04 MPa.
Printing of these materials at predicted setting resulted in an interesting fact that
flexural strength was attained higher than HIPS material as 2.96 MPa but lower than
PLA and ABS.

4.7.2 Thermal conductivities. Figure 21 shows the thermal conductivity plot for 3D
printed component of single as well as multi-material component. It was noted that PLA was
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Figure 19.
Predicted set of input
process variable for
production

Figure 20.
Flexural strength of
3D printed
component at
predicted setting

Figure 21.

Thermal conductivity
of 3D printed
component at
predicted setting
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having thermal conductivity of 0.2225 W/m.K, ABS of 0.1722W/m.K and HIPS of 0.3232W/
mK. For structural applications, it requires the thermal conductivity to be desired
minimum. Multi-material printing of these material resulted in thermal conductivity of
0.2732W/mK (dt/dT= 0.814 K/s) which was lesser than HIPS material shows the utility of
multi-material 3D printing.



5. Conclusions
Following conclusions have been made form present study of 3DP for recycled ABS, PLA
and HIIPS thermoplastic materials:

o Tensile testing of 3D printed multilateral component resulted in an interesting
observation. It was noted that Young’s modulus of multi-material component (325
MPa) was observed higher at experiment number 3, than single thermoplastic
(Young’s modulus of PLA 47.9 MPa, ABS of 175 MPa and for HIPS 112.5 MPa).

o Pull out testing have revealed the fact that elongation and strength properties of
3DP can be controlled through multi-material printing at predicted input processing
setting. It was noted that break elongation of multi-material component was
observed smaller as compared to ABS and PLA. At the same time, break load and
break strength has been observed greater than HIPS in case of pull out tests.

¢ 3DP of multi-material component at predicted setting resulted in an interesting fact
that flexural strength was attained higher than HIPS (2.01 MPa) material as 2.96
MPa but lower than PLA (9.07 MPA) and ABS (7.04 MPa).

» It was noted that PLA was having thermal conductivity of 0.2225 W/m.K, ABS of
0.1722W/m.K and HIPS of 0.3232W/m.K. For structural applications, it requires the
thermal conductivity to be desired minimum. Multi-material printing of these material
resulted in thermal conductivity of 0.2732W/m.K (dt/dT = 0.814 K/s) which was lesser
than HIPS material shows the utility of multi-material 3DP.
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