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Abstract - Polypropylene (FP) is the most widely used semi
crystalline thermoplastic polymers due to its good thermal
and mechanical properties, high dimensional stability and
excellent processability.
different molecular weight PP named HP500 (HP), fta

HG265FB (ATO) and Borealis PPH7089 (B) were used for

production of nanocomposites at different kaolinite contents.
HP and its nanocomposites wermxtruded filaments for 3D
printing and measured densityof filaments show lower
theoretical density dued cavity and other defects as observed
in FESEM micrographs. TGA analysis showisermal
decomposition temperature increases with increasing
kaolinite content. HP and its composite were able to be 3D
printed by coating of 3D printer bed with PP which improves
PiI 10 AAEAOGEI T AAEAOQEI OO
bed.Mechanical properties 08D printed sample shows lower
value due to large cavity formation é&tween layers in the
structure. DSC of 3D printed sample reveals crystallization
temperature increase with kaolinite content and crystallinity
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1. INTRODUCTION

3D Printing, also known as additive manufacturing or
desktop fabrication, is a process where in a solid three
dimensional object is printed layer by layer from raw
material, which could potentially lead toa whole new era in
manufacturing. Plastics are the most widely used materials
in additive manufacturing, and the important ones are
acrylonitile butadiene styrene (ABS), polylactic acid (PLA),
polyvinyl alcohol (PVA) and polycarbonate (PC) which
requires high-temperature nozzle design.

The manufacturing process begins with a 3D model of the
object, usually created by computeided design (CAD)
software or a scan of an existing artifact anuilding objects
layer-by-layer [1]. Specialized software slices this model
into cross-sectional layers, creating a computer file that is
sent to the 3D printing machine. This machine then creates
the object by forming each layer via the selective placement
(or forming) of material. This technology attracts strong
interest from both industry and academic for the challenging
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minimal use of harmful chemicals at a reasonable speed
[2,3]. There are several 3D printing processes that are
differentiated by the manner in which they create each

In this research three types of layer. One technique known as Fused Filament Fabrication is

shown in fig.1.

The distinct advantages of 3D printing processes are its
capability to build complex geometries that cannot be
fabricated by any oher means i.e. it offers the most
geometrical freedom in engineering design. Consequently,
new opportunities exist for design in industries as diverse as
automotive, aerospace, and bi@ngineering. It is possible to

create functional parts without the need for assembly,

saving both production time and cost.

Fused Filament Fabrication, Fid involves extruding
thermoplastic material through heated nozzles to create a
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into a liquefier that is heated to a temperature above the
EAEI AT AT 660 1 Al OET ¢ bl ET 08
freely through the nozzle. When the material reaches the
substrate, it cools and hardens. Once the layer is complete,
the build platform is lowered one layerthickness by the Z
stage and deposition of the next layer begins. A secondary
sacrificial material may also be deposited (and later
removed) in order to support the construction of
overhanging geometries.
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Fig.1 Fused filament fabrication[4].
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possibility to build objects with complex shapes and
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Currently, FDM is the technique showing the higher
potential for product manufacturing, with the capability to
compete with conventional polymer processing techniques
[5,6]. Most of the published studies up to now focused little
on the extrusion processing window used inte production
of filaments with suitable diameter and homogeneity for
FDM. The use of commercially available filaments, used in
the majority of the published studies, limits them to the
inherent characteristics of the FDM proces$7]. Moreover,
the comparison either at the morphological and mechanical
level of the parts produced by FDM and by conventional
techniques would be more authentic if the material used to
produce the parts were to be the same in both processes.
Literature lacks studies that follow the FDM process from
the start, i.e., from the filament production, allowing an
absolute control of the processes and a true comparison
between competing techniqueg8].

Carneiro et al[9] addresses the potential of polypropylene
(PP) as a candidate for fused deposition modelling (FDM),
starting with the PP pellets, filament extrusion and test
samples printing. Adding nanomaterials such as carbon
nanotubes, nanowires, and nanoparticles to meces such as
polymers, metals, and ceramics via AM has the potential to
improve the performances of the resulting components
[5,10].

2. MATERIALS AND METHODS
2.1 Fused deposition modelling (FDM)

3D printed specimens were manufactured by a Sharebot
Next Geneation Desktop 3D printer (Sharebot NG, Italy)
feed with the extruded filaments of about 1.7mm diameter.
Here sample of HP, K1HP and K2BHP filaments are used
to feed a 3D printer.As-spun filament of 1.7 mm is fed to the
3D printer to re-melt and extrudes through the heated
nozzle which has size of about 0.35mm. E@shows the top
view of desktop 3D printer during printing process in
progress.

Schematically representation inFig.3 shows dumbbell and
single filament specimens builtup along horizontal
orientations. In this figure X is the direction offilament
deposition and Z is the direction of the overlapping layers.

Infill types of concentric and maximum fill percentage were
used in Slic3r software along with the following printing
parameters: concentric type of infill, object infill 100%,
nozzle diameter 0.35 mm, layer height 0.20 mm. All other
processing parameters and size of FDM specimens are
summarized inTable 1.

Sample Type Neat HP500/10 | HP500/20
HP500 K K
Diameter (mm) 1.70 1.70 1.70
Temp. | Extrude 240 230 225
(°C) r
Bed 90 80 75
As the content of kaolinite increases in PK

nanocomposites the working temperature is decreasing
(Table 1b) because melt flow wasncreasing with kaolinite
content as observed from MFI results.
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Fig. 2.1.Schematic of (a) single filaments from 3Eprinter
(b) 3D printed dumbbell specimens at horizontal
orientations.

Table 1 Parameters for 3D printing of neat PP and RR
nanocomposites (a) Printing setting (Layers and perimeters,
Infill, Speed) (b) filament setting

Layer height 0.2 mm
First layer height 0.2 mm or %
Perimeter (minimum) 2
- Fill density 1
N Fill pattern concentric
/¢ _. ' Infill every 1
Fig. 2 Top view of Sharebot Next Generation Desktop 3D Fill angle 450
Printer [11]. Solid infill threshold area 100 mm2
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Perimeters 20mm/s
Small perimeters 10 mm/s or %
External perimeters 15 mm/s or %
Infill 20 mm/s
Support material 25 mm/s
Gap fill 20 mm/s
Speed for noRprint moves (Travel) 25 mm/s
First layer speed 50% mm/s or %
Cooling Fan speed 100

(@)
(b)

2.2 Testing and Charecterisation

Melt Flow Index measurements were performed by a
Dynisco LMI 400 plastometeraccording to ASTM D12381L0.
Scanning electron micrographs (SEM) were observed on a
fractured surfaces of specimens immersed in liquid nitrogen
through a Carl Zeiss AG Supra 40 field emission scanning
electron microscope (FESEM), operating at aacceleration
voltage of 3 kV. XRD analysis was performed by using Laue
camera for transmission diffraction and over 2—= 3z50° in
the BraggBrentano configuration. Dynamic mechanical
thermal analysis (DMTA) was performed on aspun and
drawn fibers with a DMA Q800 testing unit (TA
Instruments) under tensile mode testing.The FTIR spectra
were recorded by SpectrumOne equipped with an UATR
(Universal Attenuated Total Reflectance) accessorfor PP,
kaolinite and its composite samples in a laboratory
maintained at relative humidity of 48+2% and 23+2C.

Thermal Analysis was performed in a temperature range of
30 °C to 700 °C by a TGA Q5008 from TA Instrumentson
sample of about 14 maat heating rate of 10°C/mintested in
both air and nitrogen atmosphere ata flow rate of 100
mil/min. Density measurements were performed by using a
Micrometrics Accupyc 1330 helium pycnhometerat 23.0°C in
a testing chamber of 1 crhiand 100 measurements for each
specimen. Differential scanning calorimetry(DSC) analysis
was performed on samples of about 14 mg in 160L
aluminium crucible by using a Mettler DSC30 calorimeter in
the range of @220°C with aheating z cooling Z heating cycle
at £10°C/min flushing nitrogen at 100 mL/min. Mechanical
properties of fibers and 3D printed dumbbell were
performed at room temperature by using an Instron 4502
dynamometer, equipped with load cells of 100 N and 1kN,
respectively. Elastic modulus was determined as a secant
value between deformation levels of 0.05 and 0.2%6
according to 1ISO 527 standard.

3. RESULTS AND DISCUSSIONS
3.1 Additive Manufacturing (3D Printing)

Selected compositions for 3D printing were considering
compounded formulations of ko.21 for neat HP, Fopz03 for
K10-HP and Razsfor K20-HP (Part 1 of our paper) after
understanding the working capability of those compositions
in fibers processing. Compounded samples of neat HP and K
HP nanocompositesare used for extrusion of filaments for
3D printing after grinding in to small sizes of about
2mm.Filaments with a diameter of about 1.7 mm are
extruded for neat HP and HFaolinite nanocomposites.
Extruded filaments MFI are testedto see the influence of
kaolinite content and extrusion process on the flowability.
Then it was analysed byTGA in N gas and air atmosphere to
analyse the effect of kaolinite on the thermal stability of HP
at different content and density measurementto see the
effect of kaolinite content on density of HP polypropylene.

Extruded filaments for 3D printing are used to fed 3D
printing machine in which there is remelting and re-
orientation was taken placein nozzle and a microfilament of
about 0.35 mm were printed. Then the comparison between
filaments for 3D printing (diameter about 1.7 mm) and 3D
printed micro filament of (diameters about 0.35 mm) were
compared. Thus analyzing by DSC was performed to
investigate crystallization behaviour and crystallinity
content and mechanical properties are analysed byQuast
static tensile tests FESEM and TEM were used to evaluate
dispersion of kaolinite in polypropylene on the fractured
surfaces of the nanocompositeswhile XRD was used to
monitor kaolinite crystal structure in the PP matrix as well
as changes in the crystallinity of HP polypropylene in the
nanocomposites

3D printed dumbbell shape samples wasalso produced
according to the parameters set for printing of neat HP and
K-HP described in experimental procedure. Investigated
techniques to improve the printability of dumbbell shape
specimens, mechanical properties and morpHogy of
produced samples will bediscussed in this section.

3.2 Filaments Extrusion and Analysis

The scope of this section is to investigate the sample of HP,
K10-HP and K2GHPnanocomposites filaments to show the
printability of PP nanocomposites. Filamats of neat HPand
HP-kaolinite nanocomposites with a diameter of about 1.7
mm were extruded. Filaments for 3D printing were extruded
by using a die of 3.00 mm diameterslhe rate of extrusion of
filaments for 3D printing is described in Table?.
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Table 2. Parameters set for extrusion of filaments for 3D

Table 4. Comparison of MFI of filaments for 3D printing

printing. with compounded sample.

Type of filaments Neat HP K10-HP K20-HP MFI of filament for ME! ofcombounded
Screw speed 40 15 15 Sample type 3D printing sample (g/F?LOmin)
(rpm) (9/10min)
?nfif]')dence time 6 -8 5 Neat HP 1.96 £ 0.07 1.85+0.14
Rate of extrusion| 4.29t0.11 | 3.10+ | 367+ K10-HP 2:39+0.16 2.00£0.11
(cm/sec) 0.05 0.03 K20-HP 2.46 +0.34 2.95+0.23
Rate of collection 0.101 = 0.07 = 0.086 =

/sec 0.003 0.003 0.003 . .
gollecior speed 56 2 45 It should be noted that the MFI values increased with the
(number) ' ' percentage of kaolinite in the polymer matrix, with an

A measurement of extrusion rate for K2eHP was difficult
due to its high flowability. Reducing the speed of screw was
tried but decreasing the speed further cannot give an output
required to give about 1.7 mm diameters filaments.
Extruded filaments are collected manually after passing
through a cold water andcollector.

Average diameter of extruded filaments for 3D printing
were summarised in Table 3Apparent draw ratio (ADR) can
becalculatedaccording to Equationl as the ratio between
the cross sectional area of the extrusion die (p and the
cross sectional area of the filament ($, where cross
sectional area of the extrusion die (§ used is 3.00mm.

ADR=5/S:88888888&8 %NS

Table 3. Apparent draw ratio of filaments for 3D printing.

Sample type | Filament diameter (mm) ADR
Neat HP 1.77 £ 0.09 2.87
K10-HP 1.71 £ 0.05 3.08
K20-HP 1.73+0.06 3.01

3.3 Melt Flow Index

Before testing of melt flow extruded filaments of neat HP
and HRkaolinite nanocomposites with a diameter of about
1.7 mm were cut into small pieces manually by cutter with
length of about 25mm. Then melt flow index of filaments
for 3D printing of neat HP and HP-kaolinite hanocomposites
at various kaolinite content were tested in melt flow indexer
at temperature of 230°C and weight of 2.16 Kg with melting
time of 5 minutes. MFI results of neat HP, K1HP and K20
HP filament for 3D printing was summarized and the results
obtained were compared with the MFI of compounded
sample atthe same conditions(Table 4).

almost linear dependence on the PiRaolinite compaosition.
Comparing melt flow index obtained results of filaments for
3D printing with compounded sample shows increase for
neat HP and K16HP while it decreases for K2eHP. These
results show that neat HP ptypropylene has high viscosity
than K-HP nanocomposites and it is possible to understand
that 3D printing temperature of neat HP should be higher
than that of kaolinite filled HP nanocomposites.

3.4 DSCAnalysis of filaments for 3D printing

DSC analysis of neat HP, KI8Pand K20HP was performed
on filaments for 3D printing to provide quantitative

evaluation of the crystallization behaviour. The
crystallization behaviour of all samples wasstudied at 10
0C/mincooling rates. TheDSC thermogramscurves of neat
HP, K1BHP and K26HP filaments for 3D printingare shown

in Fig.4.
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Fig. 4. DSC thermograms of neat HP, K1aP and K20HP
filaments for 3D printing

From DSC curves some useful parameters for crystallization
analysis, such as the melting temperature (Tm), the
crystallization temperatures, e.g. the exothermic peak
maxima and the end temperature of crystallization can be
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obtained. The degree of crystallnity (N ¢) of neat HP and HP
K nanocomposites was calculated

Considering the results in Table 5, melting temperatures
(Tm) have almost the same values for neat HP and-HP
nanocompositesboth on first heating and second heating.
From the DSC cooling stage, it was noticeable that
crystallization temperatures of kaolinite filled filament were
higher than for neat PP, i.e. up to 119.1°C for K20Pversus
113.4°C for neat HP filaments. This clearly implies that the
incorporation of kaolinite results in the heterogeneous
nucleation to the PP matrix. Also it was observed that
crystallinity content of filaments after cooling is higher than
the first melting crystallinity displayed. This earlier
crystallization phenomenon can be interpreted as the result
of an increase in nucleation activities.

Table 5. Results of the DSC analysis: melting temperature
(Tm), crystallinity content (Xc) and crystallization
temperature (Tc) for neat HP, K16HP and K2GHP filaments

for 3D printing.
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N:gt 167 | 83 | 113 | 967 | 165 | 97 | 40| 47

Kﬁg' 167 | 81 | 116 | 87 | 165 | 87 | 42| 45

Kjg' 166 | 74 | 119 | 78 | 166 | 78 | 43| 45

Crystallization temperatures increases with the increase of
kaolinite content, and melting temperature and crystallinity
content after cooling is almost the same for neat HP and-K
HP nanocomposites in both types of filaments. Melting
process induces the molecular chains mobility of PP, and
reduces the free energy barrier for crystallites formation
which is able to accelera¢ the rate of crystallization.At an
early stage of crystallization, the molecular chains of PP
might be in contact with the filler surface and limit the
movement of polymer chains. The movement of polymer
chains which is in a form of distorted network carbe quickly
relaxed and reestablished. This scenario helped to increase
the structural stability of polymer matrix giving an increase
in the crystallization peak temperature. These findings
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confirm that kaolinite behaves as a nucleating agent in
polypropylene.

3.5 TGAand Density Measurement

Representative TGA analysis ofneat HP, KHP and K20HP
of filaments for 3D printing performed in nitrogen gas and in
air atmosphere were reported in Fig.5. In these curves it is
possible to observe three differentzones. The first zone
(30°C to 325°C) in Ngas and (30°C to 250°C) in air
atmosphere shows no significant weight loss. In the second
zone (325°C to 475°C) in blgas and (250°C up to 430°C) in
air atmosphere, a high mass loss is shown due to thermal
decomposition of polymer matrix. The last and third zone is
between temperature zone of (475°C to 700°C) inJgas and
(430°C up to 700°C) in air atmosphere. In this taperature
zone, since the residuals are not decomposed in both §as
and air atmosphere there is no significant mass loss. The
decomposition of the matrix in N gas starts at higher
temperature compared to air atmosphere because it is an
inert gas that facilitate controlled degradation and prevent
undesirable chemical reactionsfrom taking place.
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Fig.5 TGA curves and its derivatives of neat HP, K48P and
K20-HP filaments for 3D printing under (a) Nitrogen gas
and (b) air atmosphere.
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The main important results in the analysis of TGA for
characterization of thermal stability which are thermal

decomposition temperatures at 5% and 10% of the weight
loss (Ts and Tio), the temperature at maximum rate of the

weight loss (Tam, read as the temperature of the
corresponding to derivate curves), and the residue (R) at
temperature of 700°C are shown in Tablé.

Based on the TGA results, it is possible to conclude that, the
thermal decomposition temperature (Ts, Tio and Tam) of the
PP nanocomposites increases with increasing kaolinite
content. This effect results due to kaolinite act as physical
barriers to hinder the transport of volatile decomposed
products out of the PP nanoomposites during thermal
decomposition [12]. The effect is more relevant atthe
temperature of maximum rate of mass loss, where
degradation temperature is about 64- 88 °C in air and 277
29 OC in nitrogen higher than that of neat HP, found for
compositions at 10 and 20 wt% kaolinite respectively. The
residual mass at 700°C was almost equal in both testing
medium which is about 8.5% for K16HP and 16.2% for
K20-HP samples. This implies that incorporation of kaolinite
into the polymer matrix enhances the tlermal stability of
polypropylene nanocomposites.

Table 6 TGA results of HP and HRaolinite
nanocomposites decomposition temperatures at 5%, 10%
and maximum rate of the weight loss (3, Tio and Tam) and

residue (R) at temperature of 700°C in air anaitrogen
testing medium.

Processi
ng gas Nitrogen gas Air atmosphere
Td Td
Material | Ts | Tio | M Ts | Tio| M
S [CCl[PC|[°C| R |[°’C|[’C|[’C| R
] ] 1 [ [%)] | ] ] 1 | [%]
35| 36 | 44 27 | 29 | 33 -
NeatPP | 3| g | o | 0 | 8| 1| 9 |02
42 | 43 | 46 27 | 30 | 40
HP-I0K 5 1 7 | 7 |85 7| 0| 3| 85
43 | 44 | 46 | 16. | 29 | 32 | 42 | 16.
HP20K | g | g | o 2 2 | 3| 7 2

Density properties of filaments for 3D printing of neat HP
and K-HP nanocompositeswere measured byycnometer.
The results obtained were compared with the theoretical
density calculated according to Equation 2 given above;

M ———— 88 8m.2

Here the theoretical density of KHP nanocomposites were
calculated by taking the density of HP500 polypropylene
0.905 g/cm® and density of kaolinite as 2.630 g/cm

according the given formula. Measured densities by
Pycnometerand calculated wereshownin Table7.

Table 7 Pycnometer measured versus theoretical densities
of neat HP, K1eHP and K2GHP nanocomposites filaments
for 3D printing.

Sample Density from Theoretical
type Pycnometer (g/crr?) density (g/cms)
HP neat 0.8918+ 0.0004 0.9050
K10-HP 0.9516 + 0.0017 0.9584
K20-HP 0.9854 + 0.0022 1.0126

Fig.6 FESEM micrographs of the fractured surface of kaokin
filled HP filaments for 3D printing (X120,000) (a) K1GHP
(b) K20-HP.

As it is shown in the table the densityof the filaments
increases with increase in kaolinite content, in which the
results of 0.8918 g/cn?for neat HP polypropylene and the
density of 0.9854 g/cn® for K20-HP were measured. Also it
was observed from the table above pycnometer measured
density is lower than expected density (theoretical density)
may be due to inclusions of cavity resulting from poor
mixing, defects or poor wetting of the filler surface by the
polymer. This could be further investigated by FESEM
morphologies shown in Fig.6.

Density could be influenced from various factors other than
kaolinite content, for instance from the orientation, cavity
and from the crystallinity. Fig.6 from FESEM reveals the
existence of holes and subsequent plastic deformation in the
morphology of kaolin-filled nanocomposites. This is due to
weak interfacial adhesion between PP and kaolinite. The
amount of holes also implies the content of kaolinite,8. the
numbers of holes formed in K20HP is much higher than
that of K10-HP. The amount of holes formediirectly affects
density of filaments; accordingly the difference in density
between pycnometer measured and theoretical density is
smaller in case ofK10-HP (0.0068) than that of K26HP
(0.0272). During the deformation process of particulate
filed polymer composite, the most common failure
mechanism is debonding at the fillermatrix interface. From

© 2017,IRJET | Impact Factor value: 6.171 |

ISO 9001:2008 Certified Journal |

Pagé37



‘l’ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 23950056

JET Volume: 04 Issue: 11 | Nov -2017

www.irjet.net

-ISSpI: 23950072

the micrographs (Fig6), debonding process of kaolini¢
aggregates created large holes, which means that kaolinite
filer can be pulled out completely from the PP matrix
through the interfacial failure as the filler-matrix adhesion is
relatively weak. The reason for poor adhesion between
kaolinite and PP wasprobably because of the difference in
surface free energy (or polarity).

3.6 Production of 3D Printed Samples (Microfilaments)
and Characterization

Polypropylene is a semicrystalline material, which doesn't
follow the normal rules for warping prevention. An
amorphous polymer like ABS or PET are able to slowly flow
or creep until it cools below the glass transition point, §
during 3D printing. This means that stresses caused by
thermal contraction will shake-out above Tyand only start
accumulating when the print cools below F and fully
solidifies. However, when extruding semicrystalline
polymers like PP in 3D printing, crystallization starts as
soon as the temperature drops below the melting point, .
PP and its nanocomposites will not flow or creep at a rate
that is meaningful over the duration of fused deposition
print, and the thermal contraction stresses will simply build
up more as it is coold further below Tn.

Before starting production of 3D printing dumbbell model
was built by using CAD and it was sliced into crossectional
layers by specialized softwareslic3r, creating a computer file
that was sent to the 3D printing machine. The 3D pmting
machine then creates the object by forming each layer via
the selective placement of material. Filaments from 3D
printer (microfilaments) of 0.35 mm and dumbbell shape
sample were shown in Figr. From this figure it is possible to
see the edge layersand filings at an angle of 48
perpendiculars to each other.

Fig.7 3D printed sample of K1GHP dumbbell and
microfilaments.

3.7 Production of Microfilaments

To distinguish from filaments for 3D printing of about 1.7
mm diameter (code F), filamentsfrom 3D printer of 0.35
mm diameter nozzlewere given code microfilaments (code
t & Mlgrofilaments extruded through 3D printer are not
circular due to flattening of filaments during extrusion
through narrow space between nozzle and printer bed. The
filament forms like a trapezoid structure and its equivalent
diameter are observed by microscope at different direction
and measured by using imageJ software. An image of
microfilaments observed by rotating in different directions
under microscope and measured $ ImageJ was shown in
Fig.8 for K10-HP microfilament.

Fig.8 Optical microscope images of 3D printed filament of
K10-HP.

Filament diameters were measured at least on three places
in each direction and final equivalent diameter was

calculated as average fomeasured value in each direction.

Table 8 summarizes equivalent diameters of filaments

measured in several directions.

Table 8 Representative equivalent diameters of
microfilaments measured by imageJ integrated optical

microscope.
Sample Filaments Equivalent
type numbers diameter
1 0.441 +0.013
Neat HP 2 0.472 £ 0.014
3 0.486 + 0.038
1 0.382 + 0.015
K10-HP 2 0.393 + 0.006
3 0.354 £ 0.033
1 0.410 £ 0.097
K20-HP 2 0.400 + 0.035
3 0.464 + 0.028
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3.7 Microfilament Characterization

In the following section characterization of microfilaments
by different techniques was discussed and its results were
compared with the results of filaments for 3D printing.
Accordingly the comparison by XRD, mechanical, TEM and
SEM were given below.

XRD raw diffraction image in transmission for extruded
K10-HP filament of 1.7 mm and microfilament of about
0.35mm wereshown Fig.9.

Fig.9 X-ray transmission image of HP500 with 10% kaolinite
(a) filament of 1.7 mm diameter (b) microfilament of 0.35
mm diameter.

As observed from these XRD images of filaments for 3D
printing and microfilaments does not show clear difference
in crystallography. From this we can understand that there
is no drawing effect during extrusion through a nozzle, the
filaments in 3D printing only undergoes remelting and re-
shaping. Thus there is no orientation in terms of structure of
polymer. If the polypropylene shows a strong orientation
along the chains axis, the kaolinite texture is characterized
by a fiber like orientation with the basal/faulted planes
perpendicular to it (001 faulted plane). However here there
is no visible orientation difference & that of observed in
drawn fibers.

3.8 Mechanical properties of microfilaments and bulk
filaments

Mechanical properties of microfilaments and filaments for
3D printing were analyzed and compared to each other.
Representative stressz strain curves of the quasistatic
tensile tests of neat HP, K16HP and K20HP filaments for
3D printing tested by using a load of 1 kNare shown in
Fig.10 (a). Also main mechanicaproperties of neat HP, K10
HP and K20-HP filaments for 3D printing are described in
Table9.

Similarly mechanical properties of micro filaments which

extruded through a hot nozzle of 350 micron
(microfilaments) on PP adhesive strips coated bed were
analyzed. Representative stresstrain curves of neat HP,
K10-HP and K20-HPmicrofilamentstested at aload of 100 N

are shown in Fig.10 (b).Mechanical properties of neat HP,
K10-HP and K20-HP nanocomposites of microfilaments

were also summarized in Table 9.

As observed from stressstrain curves of filaments for 3D

printing, addition of 10wt% kaolinite enhance the

mechanical properties other than strain at break compared
to neat HP polypropylene. But at higher composition of
20wt% of kaolinite, less mechanical properties may be due
to larger agglomerates formation which could be evaluated
in microstructural study and increase in other defects.

40

354

Neat HP filament for 3D

— K10-HP filament for 3D
— K20-HP filament for 3D
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Neat HP 3D printed filament
—— K10-HP 3D printed filament
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Fig.10 Representative of stress strain of neat HP, KliaP
and K20-HP (a) filaments for 3D printing (b) microfilaments.
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Table 9 Mechanical properties of neat HP, KI®P and 20k kaolinite particles and decreases the probability of defects
HP filaments for 3D printing and microfilaments. formation and improves mechanical properties. This
concept was observed under morphology study by FESEM
i and TEM.
. Stress Strain Stress | Strain
- Elastic at at at at 3.9 Morphology
c 1 .
g & | Material M%d; s 1 vield ytleld break | break
= GPa) | vpay | SUSS | (mpa) | (%) S e -
i (%) The dispersion of kaolinite in filaments for 3D printing and

microfilaments of K10-HP and K20-HP was evaluated by
NeatHP | 0.50£0.2 22%i 1‘;‘%i 2;.;1 6%'711 FESEM on the fractured surfaces of the filaments in nitrogen
KI0-HP | 044200 309 | 180%| 235+ | 206+ | @and TEM onultramicrotomed cross sections as summarised
1.7 3.0 1.4 75 in Table 10. Comparison of iflers dispersion in the K10-HP
K20-HP | 047+01| 274+ 141+ | 212+ | 568+ | and K20-HP filaments for 3D printing with microfilaments
2.8 25 4.0 17.0 by using FESEM micrographs were shown in Eibl(a)-(d),

Filaments for
3D printing

NeatHP | 0.74+0.1| 313+ | 129+ | 37.4+| 2178 respectively.

8 44 | 08 | 102 | +590
g K10-HP | 0.92+0.0| 321+ | 12.7+ | 32.7+ | 1598 Table 10 Comparison of morphology of filament and
S 0.5 2.6 11 + 642 microfilaments at different kaolinite content by means of
g K20-HP | 0.91+£0.1| ,7,, | 6.7% [ 305+ | 1332 FESEM and TEM.
b= 01 15 10.1 + 395

EM Sample K10 K20
Thus considering mechanical properties and comparing the FESEM Micfrlga;irl?;:::nt iig 888 >>((1155%%%
two filaments; the modulus of filaments from3D printing of Filament X1 n,1icron X1 rr,1icron
K10-HP (0.92 GPa)and K20-HP(0.91GPa) shows higher TEM Microfilament | X Zmicron | X 1 micron

value compared to neat HP (0.74 GPa) polypropylene. But
tensile modulus of kaolinite filled filaments for 3D printing
showsthe tendency of decreasing with the kaolinite content,
which is 0.5 GPa for neat HP to about 0.44 GPa for KH@
and 0.47 GPa for K2HP nanocomposites. This decrease
may results from the bulk size of filaments, because as the
size increases agglomeratesral other defects in the filament
chain increases.

TEM morphology of filaments for 3D printing and
microfilaments of K10-HP and K2GHP are shown in Fig.12.
As shown in these figures almost the amount of kaolinite
content is almost the same, but due to renelting and re-
shaping during extrusion through nozzle more uniform
distribution of kaolinite were observed in microfilaments,
Fig.12(b).

Considering properties at yield, the strength of K10HP of
about 32 MPa, 31 MPa for neat HP and lower strength of
about 27 MPafor K20-HPwas found for filaments from 3D
printing. But the stress at yield offilaments for 3D
printing was increased to about 31 MPa with KI®P and
almost the same of about 27 MPa for neat HP and KZ2{P.
Strain at yield shows a decrease with kaolinite content for
microfilaments while it was increasing with K10HP and
almost same #rain for neat HP and K26GHP filaments for 3D
printing.

3 X7 WS R Y
1pm ENT» 3000V Sgral A v 5E2 BOwn 1 um BNTe 300KV Signal A v SE2

Looking mechanical properties at break stress at break and o woinem oo A e e

strain at break for microfilaments shows decrease with

kaolinite content. Similarlyfilaments for 3D printing shows a  Fig.11 (a-b) FESEM micrographs of the fractured surface of
decrease in strengthat break with kaolinite content while K10-HP kaolinilled PP (X15,000) (a) filament for 3D

the strain at break was highly decreasing with kaolinite printing and (b) microfilament.

content of 10wt% relative to neat HP polypropylene.

Filaments for 3D printing shows relatively lower strength

and strain at break compared to microfilaments. Ths in 3D

extrusion through a nozzle there is reorientation of
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Fig.11(c-d) FESEM micrographs of the fractured surface of
K20-HP kaolinfilled PP (X15,000) (c) filament for 3D
printing and (d) microfilament.
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Fig.12 (a-b). TEM micrographs of K1eHP (a) filaments for
3D printing and (b) microfilament RO= 25 (Reorientation)
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Figure 3.28(cd). TEM micrographs of K2eHP (a) filaments
for 3D printing (b) microfilament RO = 25 (Reorientation)

TEM micrographs also evidence that kaolinite nanoparticles
are quite well fixed in the PP matrix even ifthey are
agglomerated, because the matrix penetrates inside the
agglomerates and the interface is not sharp but diffuse,
which indicates good interfacial adhesion.

Both FESEM and TEM showgood dispersion other than
tendency of formation of small agglomeratelue to hydrogen
bonds formed between kaolinite particles From
morphological view of FESEM micrographs filaments for 3D
printing and microfilaments seems to have the same filler
amount and the lack of dispersion properties could be due to
absence of anydrawing effect, but from TEM micrographs it
is possible to observe disaggregation of aggregates in
microfilaments which was well observed in K16HP
filament. TEM micrographs of filaments of K2EHP shows
overcrowded kaolinite particles; however it is possilbe to
observe improvement of dispersion in microfilaments
(Fig.12d) compared to filaments for 3D printing. The effects
of re-melting and re-shaping through 3D printer nozzle were
seen very well in mechanical properties.

3.10 Dumbbell Shape 3D Printed Samp les. Production
and Characterization.

Dumbbell shape sample were printed after the designing the
specimen by CAD and slices into pieces by slic3r software.
The main parameters set to build structures areinfill types

of concentric, object infill of 100%,layer height of 0.20 mm,
infill angle/raster of 45%nd 10 total numbers of layers with
nozzle diameter of 0.35 mm.Schematic steps of building
dumbbell structures were shown in Fig13.
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Fig.13 Schematic diagram of dumbbell structures builelip
by 3D printing process: (a}(c) steps to build first layer (d)
second layer (perpendicular to first layer).

An enlarged sample of K1HP 3D printed dumbbell with
the given parameters was shown in Fig4. As shown on
fig.14 dumbbell shape structures of neat HP, K1BP and
K20-HPis built in step-wise layer by layer. Dumbbell sample
of 2mm thickness was built from 10 layers of each 0.2 mm
thickness where every successive layer is perpendicular to
each other & 450. There were clearly observed cavity
formed during the laying of layers as it can be seen in Figure
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3.30, which in turn results in decrease of properties of
sample.

Fig.14 3D printed dumbbell sample of K1IGHP (x3).

As cooling proceed from T, to room temp, it will results in

high warping stresses compared to typical 3D printing
materials. It was found thatHP and K-HP nanocomposites
have also very poor adhesion behaviour on a heated 3D

printing bed and results in bananashape specimens. This

effect results from low surface-energy properties of PPand

its composites,low adherenceproperties to bed becausePP

doesn't want to stick too much of anything except itself.

Fig.15 shows a representative bananashape sample of 3D

printe d dumbbell on a bare heatedbed.

Fig.15 3D printed sample of dumbbell shape of neat HP and
K10-HP on a heated bed.

To improve this problem a new technique was introduced
by finding a material madefrom polypropylene on which the
samplewould be printed. Accordingly a 3D printing bed was
coated with packaging adhesive strips (which are made up
of PP) before starting priting process, with adhesive side
facing down to the bed.

As a flow or creep rate of HP and its nanocomposites is not
meaningful over the duration of fused deposition print,
appropriate temperature and deposition speed for neat HP
and K-HP nanocomposites was controlled to reduce the
problems. Thus temperature of nozzle and bed for neat HP is
set to be higher 240°C and 90°C, respectively while it is set
to 230 for nozzle and 80 for bed in case of K1BP and K20
HP. The decrease in processing temperaturesineeded due
to the increase in melt flow index observed with increase of
kaolinite content. Also to avoid fast cooling and higher
shrinkage a technique of covering 3D printing surround by
thick clothes and hard papers was tried. This technique is
assumedto adhere one layer to next layer and to produce

compact sample with reduced cavity between layers. Fitp
shows the 3D printed dumbbell shape samples printed on
adhesive strips coated heated bed.

Looking at Fig.16,it is easyto understand improvement in
shrinkage of 3D printed sampleof HP and K10-HP compared
to the one printed on bare bed (Fig.15). Also comparing the
design size and printed samples,the samples printed on a
coated bed gives higher accuracy in all direction size of
about 95% compared to 90% for samples printed on bare
bed.

Fig.16 3D printed sample of dumbbell shape of neat PP and
PP-K10 on adhesive strips coated heated bed.

Equivalent diameters for dumbbell shape materials were
calculatedfrom itsbasewidth and thickness by the formula;
0 “ 1 where r can be calculated from the cross-sectional
area of 3D printed sample and equivalent diameter is twice
of the calculatedradius. The calculated diameter is only for
bulk 3D printed sampleswithout considering the cavity and
holesobservedin the structures.

3.11 Printed dumbbells sample characterization

DSC analysis of neat HP, Ki9Pand K20-HP was performed
on 3D printed samples to provide quantitative evaluation of
the crystallization behaviour. TheDSC thermograms curves
of neat HP, K1eHPand K2GHP 3D printed samplesare
shown in Figl7. Similar to filaments for 3D printing
crystallization temperatures increase with the increase of
kaolinite content and melting temperature is almost the
same for neat HP, K1HP and K20-HP filled 3D printed
filaments. The crystallinity content of filaments after cooling
is higher than the first meltingn . displayed. Crystallinity
after cooling is almost same for neat HP and-KP filled 3D
printed samples. This earlier crystallization phenomenon
can be interpreted as the result of an increase in nucleation
activities.

© 2017,IRJET | Impact Factor value: 6.171 |

ISO 9001:2008 Certified Journal |

Pagé4?2



’// International Research Journal of Engineering and Technology (IRJET) e-ISSN: 23950056

JET  Volume: 04 Issue: 11 | Nov -2017

www.irjet.net

-ISSpI: 23950072

Neat HP 3D printed
—— HP-K10 3D printed
— HP-K20 3D printed
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0o 50

Fig.17 DSC thermograms of neat HP, K18P and K2GHP
3D printed samples.

From these curvesparameters for crystallization analysis
such as the melting temperature (%), the crystallization
temperatures (T) can be obtained. The degree of
crystallinity (nc) of HP and KHP nanocomposites 3D
printed samples was calculated

Melting process induces the molecular chains mobility of PP,
and reduces the free energy barrier for crysllites
formation which is able to accelerate the rate of
crystallization. The crystallinity content after cooling is
almost the same for both neat HP and-KIP filled filaments.
These results investigate that after filament productions the
crystallinity content does not change and the incorporation
of kaolinite acts as heterogeneous nucleation center to the
PP matrix.

Table 11. Results of the DSC analysis: melting temperature
(Tm), crystallinity content (Xc) and crystallization
temperature (Tc) for neatHP, K1GHP and K2GHP 3D
printed samples.

Mechanical properties of 3Dprinted dumbbell samples can
be influenced by many factors, such as layer thickness, fill
angle, build orientation, fill pattern, air gap and model build
temperature.3D printed sample of dumbbell build according
to the given parameters above were tested and
representative stressstrain curves of neat HP, K1HP and
K20-HPsamples are shown in Fidl8. Mechanical properties
of neat HP, K16HP and K20HP nanocomposites of
dumbbell shape samplesvere summarized in Tablel2.

25

Neat HP500
—— HP-10K
— HP-20K

20 4

Stress(MPa)

T
0 10 20 30 40 50 60
Strain(%)

Fig.18 Representative of stress strain of 3D printed
dumbbell shape of neat HP, KEBIP and K2GHP samples.

Tensile test results summarized in Table 12 showthat K10-
HP composition dumbbell has higher modulus and vyield
stress, but lower strain at break relative to neat HP.
However the composition of K2GHP has relatively lower
modulus, yield stress and strain at break which could be due
to agglomerates formaion, higher cavity and lower
adhesion of different layers during the layer deposition. Also
as it is shown in Fig.18, breaking of the dumbbell is step
wise which looks like the breakdown of composite material.

o o o From literature search there is no standard fo the
2 T g £ |ES evaluation of build orientation-based  mechanical
c E’ g = £ g g = g performance currently; such analysis has typically been
e - & = ° ENE ‘CE)‘ achieved through the fabrication and investigation of tensile
—g'g = IS ~ 0O and other tests which were printed in different build
3 g orientations. There are alsomultiple tensile test specimen
S o |- O |- o |- geometries specified in the ASTM D638 standard for the
O Qs s Qs o =X , : . X
MES T |53 T |53 s £ g = tensile testing of polymer/composite materials and
s ‘E 2 s ‘E e S '053 c |~ g <8 ungrstgnding which specimen geometry works best for 3D
= = e printing is not currently well understood.
oot 1167 | 94 | 112 | 97 | 165 | 97 | 46 | 47
10 e8| 81 116 | 87 | 165 | 87 | 42 | 46
23§ 168 | 72 120 | 79 | 165 | 79 42 46
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Table 12 Mechanical properties of neat HP and Hfkaolinite
nanocomposites of 3D printed dumbbell samples.

Elastic Yield Strain | Stress| Strain
Samples | Modulus stress at at at break
(GPa) (MPa) yield | break (%)
stress | (MPa)
(%)
NeatHP | 0.39+ | 20.6 217+ | 142+ | 56.0%
0.03 +2.1 1.1 1.0 4.5
K10-HP 051+ 240+ 18.4+ | 25.18 332+
0.00 0.4 0.2 +1.0 3.8
K20-HP 0.35% 18.2 158+ | 15.58 413+
0.02 +0.8 1.2 +0.2 9.5

Morphology study of 3D printed dumbbell of neat HP, K10
HP and K20-HP shows that there is a cavity formation
between layers at the edge and infill which is perpendicular
to one another at 49. Figl9 shows SEM micrograph of K10
HPand K20-HP dumbbell shape samples.

EHT = 300KV Signal A= SE2
WD = 95 mm Mag= 120X

100 pm

Fig.19 FESEM micrograph of 3D printed dumbbell fracture
surface of kaolinfilled PP (a) K1OHP of failure between
layers (X120) (b) K20-HP (X100).

As observed in FESEM micrograph,figure 3.36,it is possible
to see the numbers of layers used to build dumbbell shape
samples. In Figure 3.35(a), there is a largeote which seems
a failure (delamination), separation of layers from each
i OEAOB8O AAOxAAT 1 AUAOO
could be due to lower adhesion of PP to kaolinite or
insufficiency in filling during printing process. According to
the view from 3D printed dumbbell there was higher cavity
formation between layers especially in K2eHP dumbbell
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sample. Formation of many cavities in could results decrease
in mechanical properties and this approves the reason for
observed derease of mechanical properties of K20
HP.Comparing the dumbbell sample observed the adhesion
between PRPP is better compared to its nanocomposites as
shown in Fig20.

EHT = 4.00kV
WD =102 mm

v
200 ym

Signal A = SE2
Mag= 75X

Fig.20 FESEM micrograph of 3D printed dumbbell fractured
surface of neat HP (X75)

4. SUMMARY AND CONCLUSION

Filaments for Additive Manufacturing of neat HP, K1MHP

and K20-HP of about 1.7 mm were extruded and its
properties are analysed by different techniques. Kt flow

index of filaments for 3D printing reveals that MFI values
increased with the percentage of kaolinite in the polymer
matrix, with a linear dependence on the Paolinite

composition. Thus the maximum MFI value of 2.46 g/10min
was obtained for K20HP compared to 1.96 g/10min for

neat HP polypropylene.

Bulk properties of filaments were compared in term of
density, and it evidenced a direct dependence of density on
the composition. The higher the kaolinite content, the higher
the density measured in between the density 0.8918 g/ck
of neat HP polypropylene and 0.98% g/cm? for the density
of K20-HP. The measured density is lower than theoretical
density due to observed cavity and other defectsTGA of
filaments for 3D printing performed in nitrogen gas and air
atmospheres shows three different zones in which therés
no significant weight loss, high mass loss due to thermal
decomposition of polymer matrix and no significant mass
loss since the residuals are not decomposed. The
decomposition of the matrix in Nogas is slower because it
prevents undesirablechemical reactionsfrom taking place.
Thermal decomposition temperature at 5%, 10% and

shows an increase with increasingkaolinite content. This
effect results due to kaolinite act as physical barriers to
hinder the transport of volatile decomposed products The
residual mass at 700°C was almost equal in both testing
medium. This proves that incorporation of kaolinite into he
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polymer matrix enhances the thermal

polypropylene composite.

stability of

DSC results of neat HP, K1AP and K2GHP nanocomposites
of filaments for additive manufacturing and microfilaments
shows increase in crystallization temperatures,almost the
same melting temperature and crystallinity content with
increase of kaolinite content. The increase in crystallinity
content after cooling is also observed compared to the first
melting crystallinity content B This crystallization
phenomenon can be interpreted as the result of an increase
in nucleation activities. Melting process induces the
molecular chains mobility of PP, and reduces the free energy
barrier for crystallites formation which is able to accelerde
the rate of crystallizationDSC analysis of neat HP, K140P
and K20-HP filaments for 3D printing and microfilaments
are summarised for single heatingcooling cycle in Tablel3.

polyolefin matrix, showing negligible[13], or significant [14]
effect, in dependence on both processing and composition.
In this case, the crystallinity of nanofilled polypraylene was
slightly higher than neat HPin both 10 and 20wt% of
kaolinite in filaments for 3D printing and lower in
microfilaments, whereas the crystallization temperature
increased with kaolinite content. Comparing these results
with the literature references, it is difficult to have clear
image of the effect of kaolinite on the crystallinity behaviour
of polypropylene matrix. It can be said that kaolinite
nanoparticles plays a marginal role on the crystallization
behaviour of the PP matrix and the limitednfluence on the
matrix properties were probably associated to their
dispersion state [15].

Mechanical properties of filaments for 3D printing,
microfilaments and 3D printed dumbbell shape sample were
summarized in Fig21 and Tablel4.

Table 14 Summary d mechanical properties of filaments for
3D printing, microfilaments and 3D printed dumbbell.

Melting Crystallization
c temp temp. Tensile Stress .
. :% . - >3 Filament Type Material Modulus atbreak, briglflzbgi)
Filament g O |= 0 - £ (GPa) a(MPa) B
type £ e8| < 58| = _ NeatHP | 0.50+0.16 | 24.67+28 | 66.7+0.1
3 g1g=| § 2| 2% Filaments for =176 0p 044+ 0.00 | 234914 | 29675
a | £ o = jale] 3D printing
0o K20-HP | 0.47+0.10 | 21.22+40 | 56.8+17.0
Filaments Neat HP | 167 83.2 113 96.7 40.2 Microfilaments Neat HP 0.74 £ 0.10 37.42 +10.2 2178.3 +
- : 590.5
for 3D | KIO-HP | 167 | 81.0 | 116 | 866 | 42.4 K10-HP | 0.92%0.00 | 3266%11 | 1598.1%
printing K20-HP | 166 | 73.9 | 119 78.0 42.7 641.8
NeatHP| 167 | 94.3 | 112 97.1 455 K20-HP 0.91+0.10 | 30.51+10.1 1332.3
Microfilam 394.9
ents | K10-HP [ 168 | 813 | 116 | 87.0 424 2> oreq | NEALHP | 039003 14244098 | 5600+45
K20-HP | 168 | 71.9 ) 120 | 792 | 41.6 e [ KioHP | 051£000 | 2518+008| 332238
Table 13 Summary of DSC analysis of flaments for 3D K20-HP | 0.35+0.02 | 1558+0.17| 41.3+95

printing and microfilaments.

Melting temperatures (Tm) is almost the samefomeat HP
and kaolinite filled HP in both filaments for 3D printing and
microfilaments with the increase of kaolinite content, even
though microfilaments of K20HP shows slight higher value.
From the cooling stage, it was noticeable that crystallization
temperatures of kaolinite filled filament were also higher for
K20-HP, i.e. about 119.6°C for versus 112.4°C for neat HP of
microfilaments. This clearly implies that the incorporation

of kaolinite results in the heterogeneous nucleation to the
HP PP matrix.

Crystallinity content in filaments for 3D printing slightly
increases with kaolinite content and it decreases in
microfilaments with increase in kaolinite content and no
clear influence of kaolinite presence was observed.
Literature data reported various €fects of nanofiller on
crystallization temperature and crystallinity content of

Comparing mechanical properties of tensilanodulus, stress
at break and strain at break of filaments for 3D printing and
3D printed dumbbell sample shows lower value than that of
microfilaments. The observed decrease in mechanical
properties was due to filaments and dumbbell bulk size
which results in increase of agglomerates, cavity and other
defects in the structure. The formation of larger cavity and
holes in dumbbell shape sample were clearly seen on
specimen and under morphological study. Similarly
formations of holes were also observed on filaments fo3D
printing under FESEM. But in case of microfilaments the
probability of formation of defects decrease due to re
melting and re-orientation taking place in nozzle and
decrease in size of filaments.

Elastic modulus of filaments for 3D printing were dereasing
with kaolinite content compared to neat HP, while it
increases with kaolinite addition for filaments from 3D
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printing and for dumbbell samples it increases for K1eHP
and decreases for K2HP compared to neat HP
polypropylene. Here it is necessaryto remember that the
mechanical properties of 3D printed sample do not depend
only on kaolinite content but alsomany factors such as fill
angle, direction of building and adhesion between layers
during production of samples. Stress at break decreases
with kaolinite content in both filaments for 3D printing and
microfilaments but in dumbbell sample it was observed
higher value for KIGHP than that of neat HP. Strain at break
for microfilaments decreases with kaolinite content but in
other cases it does notdepend too much on kaolinite
content, specially strain at break for K1eHP is lower than
K20-HP in filaments for 3D printing and dumbbell samples.
The stressstrain curves of 3D printed dumbbells shows a
sequential break down. From comparative results give
above it is possible to conclude thaBD printed dumbbell
samples havelower mechanical properties due to higher
cavity formed between layers during the production.

1.0

/1 =\ = Neat HP microfilament
0o | hd ® K10-HP microfilament
b \ 4 K20-HP microfilament
1 am | v Neat HP filament for 3D
. 0.8 * K10-HP filament for 3D
= \ 1 < K20-HP filament for 3D
o \ » Neat HP dumbbell
g 07 = 1 ® K10-HP dumbbell
= \ - ] * K20-HP dumbbell
8 \ =
2 o6 / -
@ N 7 v N -
= ~
2 05 | « \ l oo ~
= 4 \ b S
\*.” \ . N
0.4 \* N < \
-~ > *
*
So * ]
0.3 T = -
o 1 2 8
Equivalent diameters (mm)
35
% : = Neat HP microfilament
/o™ \ e K10-HP microfilament
304 - ) - 4 K20-HP microfilament
( VAREN ¥ Neat HP filament for 3D
a 1/ # K10-HP filament for 3D
_ AN A R SERY < K20-HP filament for 3D
T 254 ~ I A S » Neat HP dumbbell
< - 1 ® K10-HP dumbbell
< | - * K20-HP dumbbell
S « 1
D 20 \
= <
b= /
w N
P
g 15
& - —- -
- S e
10 o *
\ > o - *y
~ o>
~ '
5 ~ — -

Equivalent diameters (mm)

Fig.21 Mechanical properties of filaments for 3D printing,
microfilaments and 3D printed dumbbell (a) tensile modulus
versus equivalent diameter (b) stress at break versus
equivalent diameter.

XRD results of filaments for 3D printing and microfilaments
sampledd 6 0 OEI x | OAE
arrangement. But from TEM micrographs it is possible to
observe disaggregation of aggregates in microfilaments
which  was well observed in KI10HP filament

Microstructural study by FESEM reveals goodispersion of

kaolinite even though there is formation of agglomerates.

AE £EAOAT A

FESEM micrographs also show existence of holes and
subsequent plastic deformation in the morphology due to
weak interfacial adhesion between PP and kaolinite. Amount
of holes also implies the ontent of kaolinite, i.e. the
numbers of holes formed in K26HP is much higher than
that of K10-HP. The improvement of dispersion of kaolinite
in polypropylene was not clearly seen infilaments for 3D
printing and microfilaments may be due to absence of an
drawing effect during extrusion though a 3D printer nozzle,
only re-melting and re-shaping taking place. FESEM
micrographs of 3D printed dumbbells shows a formation of
larger cavity between layers which results in decrease of
mechanical properties.

3D printing of neat PP andkaolinite-PP nanocomposites is
difficult with parameters used for normal printable
materials. Semicrystallinity properties of PP and its
nanocomposites results inbuild-up of thermal contraction
stresses as it is cooled below melting temperature angdoor
adhesion behavior on heated bedCoating of 3D printer bed
with PP materials improves poor adhesion behavior
between PPand heated bedAlso to obtain a good qualiy of
3D printed sample settingtemperature of nozzle and bed in
decreasing manner with increase of kaolinite contentvas
required because of observed increase in MFI with kaolinite
contents of filaments.TEM analysis shows disaggregation of
aggregates due @ re-melting, re-shaping and some
reorientation during extruding through the nozzle in
microfilaments. Morphological study of samples show
formation of larger cavity and holes in 3D printed dumbbell
shape sample which results in decrease of mechanical
properties. Mechanical properties of 3D printed sample of
K10-HP shows improvement compared to neat HP.

Mechanical properties of fibers, filaments for 3D printing,
microfilaments and 3D printed dumbbell versus equivalent
diameter were summarized in Figl5 and Fig.16. This
positive effect of fibers observed in terms of modulus and
stress at break was attributed to the good dispersion and
alignment of nanoparticles induced during drawing process,
which promotes molecular orientation and crystallization of
the amorphous region. Decrease in mechanical properties
observed for high kaolinite content was due to formation of
larger agglomerates. Thebserveddecrease in modulus and
stress at breakof filaments for 3D printing and 3D printed
dumbbell was due to their bulk size vhich tendency of
agglomerates, cavity and other defects formation increase in
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microfilaments and 3D printed dumbbell as a function of
equivalent diameter.

Incorporation of kaolinite into a polypropylene matrix
enhanced its rheological properties, thermal stability and
mechanical properties in both spun fibers and 3D printed
samples. Therefore kaolinitePP nanocomposites can be
used for materials and processig requires higher
performance in stiffness and temperature compared to neat
PP such as food packaging, automotive parts another
applications.
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