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Fabrication of Graphene/PP composites filaments for Fused Deposition Modeling

(FDM) 3D Printing

UNARED

Fang uunsiulauandfsunaielsznis 19 dponuudusadanage Ianuaiunslunisi

uazauFeu daunaliladsuanutanlunisianldiduianfoinluiagnedwes Wesaniduian

|
[ %

sl nezuaunsNWauis WunaTulaiin1stugdnnaslafuaanuiiongs doadaliifsaunane

dsznng 1w adnnsnuRaTuunigUswdudaulsing Narea@sainnszuaunisuanias s eesls

D

o Ao =

3 = P o Yo a s aaly v ! o
NATH ﬂ@&guuu '&91L‘WENVLNﬂ‘]Jﬁ‘tLﬂ‘VWl@WNW?ﬂu’]Nqiﬁm‘Uﬂﬁ‘tUQuﬂW?WNW@WNN[51191 Tagigaunniuiann

Q

= 2 o A o o o | a a a ~ ¥ ¥ a
NﬂquLﬂuN@ﬂm’] M?ﬂﬂtﬁ?ﬂ@?’m'ﬂ@mcﬁquLﬂuM@ﬂ LI WRRALAARNLLATA LAS LALILARA Lﬂumu @QN@IWLﬂ@

1
0%

v o o o a : dl Y a dl Q’/ ] 1 v a & aa =
m@mnmium@miﬂmmumuLWfrﬂ%N Luﬂwﬂﬂmumumuim&mimmﬂm?‘wu‘wmuum JHATTH

[ a é = 1 L) dl ai 1 o % a o 6 1
LU LLTIILTINA RN mm\ﬂmmuummmzwmuj ‘Vlmmmum@m@uﬂﬂlm’\maﬂmmqﬂ@zmmma’]

1 v
Y o v a o

dsj a el o 1 a al ak a dl o a
uanaNUAUAALNUFNNAIUUN8N19N19AT SHIIAIGIBNATL ITUI aiRIl A NaulaNasWRUNLEUN

& o a = 1 o a aa di A o a 1o o
mLuummmmﬂﬂuiwmmgmumﬂummuwmimwau LWﬂLﬂu‘Vl’]\‘lL@@ﬂQ@Q%uﬂiﬂﬁJﬂqﬂﬂ‘Uimu

1 b4
a o

NIZUAUNIINNNANHA InevinnnsAnantimsneaesianpenndniwmunau liun wasnssunislug

|
A

ANUFLTIAINTDU WATANLFATINAT89das saNadean NavuafaANaIN190 TuN 1T NUNA N A

ol TN IHA LA ENAGOLAN INTDUAUH A LHUFLA LTI TUARARA NN IZLIUNN TN AN

Asald

22D

o

AdAy Janeenindngiuunstiy n1siuwauin nedlnsay wnsu



Abstract

Graphene-based materials have very high performances due to high mechanical
strength, electrical, and thermal conductivities, making them the best candidates for
nanofillers. Since there is still a lack of the standard information of FDM filament
available for either pure or composite material, this study aims to achieve a methodology
of fabricating good-quality composite filaments, in particular, G/PP and GO/PP
composites for the FDM 3D printing process. To produce a good quality filament for the
FDM process, critical melt extrusion process parameters need to be examined. The
processability of graphene-based/polymer composites are further investigated in term of
thermal properties, rheological properties, and morphology. Also, 3D objects are printed
to explore the printability as well as the mechanical properties of the obtained graphene-
based/ polymer composites filaments.

In this study, new graphene-based and PP-based composites filaments were

successfully prepared as feedstock for FDM 3D printing process.

Keywords: graphene-based composite, 3D printing, polypropylene, graphene



1. Executive Summary

This study arrived at a methodology of fabricating good-quality composite
materials, including ABS/GO, PP/organoclay and PP/graphene nanocomposite
filaments for material extrusion 3D printing. The critical parameters, thermal,
mechanical, rheological, and morphological were examined. For ABS/GO

composites, the solvent system improved the GO dispersion capability in ABS
matrix and had no significant effect on the thermal properties of the ABS/GO
composite. However, the aggregation of GO could lead to the die clogging and
failed the extrusion process. The tensile strength and Young’s modulus of ABS
were enhanced naturally by GO. For PP/organoclay nanocomposites, D18 was
successfully used to modify the clay surfaces, providing a better dispersion and
wetting of the clay particles in the hydrophobic polymer matrix such as PP. The
developed PP/organoclay nanocomposites could be 3D printed using a
conventional 3D printer. For PP/graphene nanocomposites, the graphene

exfoliation seems to be playing an important role on the mechanical performance
of the nanocomposites.

From this study, the filament fabrication methodology as well as the testing
protocol can be further used as a standard method for the development of new

composites filaments for Fused Deposition Modeling (FDM) 3D printing.



2. Final Report

2.1 Objectives:

1. To achieve good-quality composite filaments from G/PP and GO/PP
composites as well as the properly print conditions for the FDM 3D
printing.

2. To fabricate the new G/polymer and GO/polymer composites and use
them as a feed stock filament for FDM 3D printing

3. To optimize the nanocomposite compositions and fabrication
conditions that are practical for melt extrusion technique.

4. To create standard properties that of the development of polymer

composite for 3D printing filament applications



2.2 The expected outputs

Detail Month

1. Basic knowledge of
FDM 3D printing
technologies and
commercial filaments

2. An appropriate solvent
for PP and graphene
dispersion

3. Progress report for TRF

4. G/PP and GO/PP
nanocomposites and
tilaments

5. Progress report for TRF

6. FDM 3D print
conditions for G/PP and
GO/PP composite
filaments

7. Progress report to TRF

2.3 Results and Discussion

2.3.1. Graphene and graphene oxide synthesis

2.3.1.1. Graphite and graphene

In the last decades, graphene is getting a lot of attention. Graphene is an
allotrope of carbon as shown in Figure 1. It is obtained from graphite. In graphene,

each atoms of carbon has three o-bonds with each fits three neighbors and one -



bond, responsible for graphene’s electrical properties. Graphene, the two-
dimensional material attracts more and more in recent years owing to its
extraordinary electrical, optical, magnetic, thermal and mechanical properties. A
single square-meter sheet of graphene would weight just 0.0077g while it could
support up to 4 kg [1]. Besides the incredibly strong, graphene is also flexible and
has large specific surface area. These extraordinary properties make graphene one

of the perfect materials for composite fabrication.
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Figure 1. (a) Chemical structure motive of AB stack graphite, (b) Graphene with
zigzag and arm-chair edges, (c) Restacked layers of graphene and few-layer
graphene, (d) a flake of natural graphite [1].

There are different methods to generate graphene. One of the most used
methods is the Hummer’s method, which offers high efficiency and satisfying

reaction safety. The graphene is obtained by reducing graphene oxide as shown in



Figure 2. The principle of Hummer’s method is based on the oxidation and
reduction reactions. First, the graphite oxide is synthesized by inserting large
alkali ions between graphite layers to reduce the interlayers Van Der Waals forces.
Then, the single or few layers graphene oxide are exfoliated by rapid heating or
sonication. The last step is the reduction of the graphene oxide to obtain graphene.

Thus, the graphene is often called “reduce graphene oxide” (rGO).

[ ‘\\ Oxydation ‘\‘\‘ Sonication 5%, '-. Reduction T
~~\\\\ ‘..0.' & -.c.t.p
::::‘\:—\\ N [ ]l o), [ ]
" | 1 1 L] L w .
\ \ ‘ “‘\‘ . L] L] L] - - v .
Graphite Graphite oxide Graphene oxide Reduced graphene oxide

Figure 2. Change of the graphite’s structure during the Hummer’s method.

2.3.1.2 Preparation of graphene oxide (GO)

The GO was prepared using Hummers’ method. Briefly, the graphite powder
was first oxidized into graphite oxide using KMnOs/ H250s and then the graphite
oxide was exfoliated into GO sheets by ultrasonication in water. Concentrated
H:50: was added to a mixture of graphite flakes (1 wt% equiv.), and NaNOs (0.5
wt% equiv.). Then, the mixture was cooled to 0 °C, and KMnOx (3 wt% equiv.) was
added slowly in portions to keep the reaction temperature below 20 °C. After that,

the reaction was warmed to 35 °C and stirred for 30 minutes, at which time water



was added slowly to produce a sizable exothermic reaction to 98°C. The external
heating was also introduced to maintain the reaction temperature at 98 °C for 15
minutes. Then the heat was removed, and the reaction was cooled down in a water
bath for 10 minutes. From this step, additional water (420 ml) and 30% H:0: (3ml)
were added and then cooled the mixture down to room temperature, followed by

multiple washing, and dispersed in water.

2.3.1.3. Preparation of graphene or reduced graphene oxide (rGO)

In order to prepare graphene, the graphene oxide (GO) is reduced by
removing oxygen-containing functional groups. In general, the chemical reduction
of GO was conducted by using hydrazine or hydrazine hydrate. However, because
both reducing agents are highly poisonous and explosive, a new approach for
converting GO into stable graphene sheets (rGO) is introduced by using L-
Ascorbic acid, which provide a nontoxic and mild reductive ability. Thus, after the
sonication, L-Ascorbic acid is added to the aqueous solution of GO in a ratio of 0.1
mg GO: 1ml L-Ascorbic acid. After 48h, most oxygen functionalities in the GO are

removed [2].



2.3.2. Polymer Matrix

2.3.2.1. Polypropylene (PP)

The main problem of using PP in 3D printing process came from its high
crystallinity. During the 3D printing process, the filament is heated and extruded
from the nozzle to build up the item on the platform or printed bed. Once the
extruded material contacted the printed bed, some parts of printed sample are
cooled. Thus, the recrystallization occurred and led to a heavy warping. Moreover,
a huge thermal contraction stresses could be observed because of the high thermal
dilatation coefficient of PP. A decrease of crystalline ratio would be able to reduce

the shrinkage and make PP more practical for the 3D printing process.

The PP used in this study is the Clyrell RC6049 (HMC Polymers), with the

MER of 7.0 g/10min (230°C/2.16 kg) and the density of 0.90 g/cm?.

2.3.2.2. Acrylonitrile butadiene styrene (ABS)

ABS is one of the most used materials in the FFF process [3]. The relatively
low glass transition temperature (Tg) and excellent processing properties of ABS,
lead to the ease of filament extrusion and 3D printing. Moreover, it is an
amorphous polymer, which means there is no crystallite. Accordingly, the

shrinkage ratio during the cooling process is small, offering the high printing



accuracy as well as the dimensional constancy. All of the characteristics stated
above make ABS as an outstanding material for FFF 3D printing. Incorporation of
graphene-based materials will potentially enlarge the applications and
functionalities of the 3D printed ABS, in particular, some practical applications
such as auto parts, conceptual prototypes, and jigs. However, the use of
ABS/graphene-based composites in 3D printing application is still rarely
demonstrated. Wei et al. [4] successfully demonstrated one of the first attempts to
3D print ABS/graphene composites using solution-based process. However, there
was no report regarding the properties investigation for such 3D printed

composites.

2.3.3. Selection of an appropriate solvent for polymer matrix and graphene
dispersion

At elevated temperature, PP can be dissolved in nonpolar solvents such as
xylene, ethylbenzene, chlorobenzene. In this study, the xylene and toluene are of
interested solvents because of their high boiling points, modest toxicity and

availability for purchasing.

2.3.3.1. Xylene

Xylene or dimethylbenzene with the formula (CHs)2CsH4, has three isomers,

which are 1,2-dimethylbenzene (ortho-xylene), 1,3-dimethylbenzene (meta-

8



xylene) and 1,4-dimetylbenzene (para-xylene) as shown in Figure 3. It is colorless,
flammable liquids, and great industrial value [5]. Xylene is flammable but of the

modest acute toxicity.

1,2-dimethylbenzene 1,3-dimethylbenzene 1.4-dimethylbenzene
(ortho-xylena) (meta-xylena) (para-xylena)

Figure 3. The three possible xylene isomers [5].

2.3.3.2. Toluene

Toluene is an aromatic hydrocarbon, which is colorless. It is a mono-
substituted benzene derivative with the structure shown in Figure 4.

CHj

Figure 4. Chemical structure of toluene [6].

Table 1: Properties of xylene and toluene

Properties Xylene Toluene

Chemical formula (CHs)2CeHa CeHsCHs




Chemical structure " CHs

1,2-dimethylbenzene 1,3-dimethylbenzene 1,4-dimethylbenzene
(ortho-xylene) (meta-xylene) (para-xylene)

Boiling point ~140°C ~110°C
Main hazards Highly flammable Highly
flammable

(a) Xylene (b) Toluene

Figure 5. PP solution in (a) Xylene and (b) Toluene after heated at 100°C for 2 hours.

Figure 5 shows the dissolution of 10 wt% of PP in xylene and toluene at
100°C (for 2 hours). It is found that the PP can be dissolved well in both xylene and
toluene. Because of the higher boiling point and modest toxicity of xylene, it is
selected as the most suitable solvent for the dissolution of PP and the dispersion

of G and GO in this study.

10



2.3.4. Graphene-based/polymer composite filaments fabrication

2.3.4.1. Solution Mixing

In this method, for G/PP and GO/PP composites, the dissolved PP and
dispersed G (or GO) are mixed (solvent: xylene). The G/PP and GO/PP composites
will be obtained after the coagulation in methanol, and dried out the solvent. The
G/PP and GO/PP will be further combined with pure PP and extruded to produce
G/PP and GO/PP filaments for FFF 3D printing.

GO/ABS was prepared using the same procedure used for the GO/PP,
however, the DMF was used as a solvent instead of xylene.

G/PLA/PP was prepared using the same procedure used for the GO/PP and
GO/ABS, but the G and PLA were dissolved and mixed together using chloroform
as a solvent. The obtained G/PLA masterbatch was further mixed with neat PP to

prepare G/PLA/PP filament in the next step.

2.3.4.2. Dry Mixing

PP is mixed mechanically with G powder (or GO), and then melt
compounded using the twin-screw extruder to avoid the use of the solvent system.
This method is widely used for preparing thermoplastic nanocomposite. GO/ABS

was prepared using the same procedure used for the GO/PP.

11



2.3.4.3. Composite filament extrusion

For the filament extrusion process, the graphene-based composites with
10wt% of G and GO contents (masterbatch) were diluted to 0.1- 5 wt% of G and
GO by mixing with the neat PP granules. The extrusion temperatures will be set
from 160°C to 210 °C from the hopper to die. Thus, the 1.75 mm diameter filament
was produced and collected for 3D printing test. Figure 6 demonstrates the
equipment set up for preparing the graphene-based/polymer composite filaments

by the melt extrusion process.

Co-rotating twin screw
_ extruder

Figure 6. Melt extrusion process set up for graphene-based/polymer composite

filaments fabrication.

However, the extruded G/PP and GO/PP filaments (with 1wt% of G and

GO) prepared from the method mentioned in 4.1 and 4.2 did not come out well.

12



PP and graphene-based additives were found as an agglomerated and phase
separated structure. A more pronounced in phase separation was found in the case
of GO/PP. Since ABS and PP has the processing temperature at almost the same
range, from this point, G/ABS and GO/ABS were prepared as alternative system.
Moreover, for the PP-based composites, PLA was used to prepared graphene
masterbatch instead of directly using PP. The characteristic of the obtained
graphene-based/polymer composites from different masterbatch systems was

shown in Table 2.

Table 2: Graphene-based/polymer composites filaments from different

masterbatch system.

System Filaments Practicable

G/PP Non-uniform size, naked-eye detected | X

agglomeration and phase separation

GO/PP Non-uniform size, naked-eye detected | X

agglomeration and phase separation

G/ABS Uniform size and smooth surface filament |/
GO/ABS Uniform size and smooth surface filament |/
G/PLA/PP Uniform size and smooth surface filament |/

13



2.3.5 GO/ABS composite filaments

According to the agglomeration and phase separation occurred between PP
and graphene-based materials (G and GO), the ABS was selected as an alternative
material because of its good mechanical performance, chemical resistance and
high processing temperature (almost the same range of PP). As mentioned before,
the apparent graphene aggregation and the phase separation between graphene
and polymer matrix are significant problems, for ABS system, graphene oxide (GO)
was selected as an alternative form to improve the graphene’s dispersion in ABS

matrix.

2.3.5.1. Differential Scanning Calorimetry (DSC)

The measurements were carried out using a Netzsch DSC 3500 Sirius, under
the nitrogen atmosphere. The samples were heated from room temperature to
250 °C. After an isothermal step for 2 minutes, the samples were cooled down to
30 °C and finally heated up to 250 °C after another isothermal step for 2 min.
Scanning temperature ramps of 10 K/min were used for all dynamic steps.

Figure 7 shows the representative DSC curves of ABS, ABS/GO (Dry
Mixing), and ABS/GO (Solvent Mixing) composite filaments. In general, the
variation in the melting temperature (Tm) indicated the change in crystal structures

of material. The Tm of nanocomposites could be changed upon filler loading. ABS

14



has no exact melting point because of its amorphous characteristic. However, no
significant difference between the Tg of the neat ABS filament and the ABS/GO
composite filaments from both dry mixing and solvent mixing methods was
found. The glass transition temperatures (T;) were observed at 105.72°C, 104.77 °C
and 105.69 °C for ABS, ABS/GO (Dry Mixing), and ABS/GO (Solvent Mixing)
filaments, respectively. The maintained Tg subsequently revealed the thermal
stability of ABS/GO composite even though the composite experienced the solvent
system before the extrusion process. Furthermore, ABS/GO composite could be
softened and possibly 3D printed using the same temperature setup used for the

pure and conventional ABS filaments.

ABS

m— ABS/GO (Solvent Mixing)
= ABS/GO (Dry Mixing)

Heat Flow [m\W/mg]

40 80 120 160 200

Temperature [°C]

Figure 7. Melting temperature of ABS filament, ABS/GO (Solvent Mixing) and
ABS/GO (Dry Mixing) composite filaments from the DSC second heating scan.

15



2.3.5.2. Themogravimetric Analysis (TGA)

The measurements were carried out using a Netzsch STA 2500. The samples
were heated from room temperature to 600 °C, under the nitrogen atmosphere.
Scanning temperature ramps of 10 K/min were used for the dynamic steps.

To explore the effect of GO on thermal stability of the ABS and ABS/GO
composite filaments, thermal gravimetric analysis (TGA) was conducted. Figure 8
shows the TGA thermogram of neat ABS and ABS/GO composite (2wt% GO)
filaments. All materials started to decompose at the temperature around 400°C,
which was higher than the typical temperature for 3D printing the conventional
ABS filament (220-240°C). At 240°C, the highest temperature used for the 3D
printing the conventional ABS filament, the ABS/GO (Solvent Mixing) showed a
more mass drop (~3%) as compared to the pure ABS (~1.3%), and ABS/GO (Dry
Mixing). These results could be due to the volatile compounds and the solvent

molecules that might still be trapped in the composite filaments.

16
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Figure 8. TGA thermogram of ABS filament, ABS/GO (Solvent Mixing) and
ABS/GO (Dry Mixing) composite filaments.

2.3.5.3. Melt Flow Rate

The melt flow rate (MFR) is a common rheological measurement in which
the molten polymer is pushed through a capillary die under a specific load, and
the mass of extruded polymer is measured and reported in the unit of the extruded
mass/10 minutes. The MFR measurements were carried out according to ASTM
D1238 standard (Procedure A), at a temperature range of 220-240 °C with an
applied load of 2.16 kg [7].

A pseudo-MFR measurement was performed using the FFF 3D printer with
the nozzle diameter of 0.4 mm in order to determine the proper printing
temperature. The extruded material through the nozzle in a 30-second time frame

was weighed as a function of temperature. The flowability of the ABS/GO

17



composite was investigated via the melt flow rate (MFR) measurement. The MFR
represented the flowability of the material and was inversely proportional to its
viscosity. It could be used to evaluate how the presence of GO affected the
processability of the ABS/GO composite. As shown in Figure 6, the MFR values of
both ABS and ABS/GO composite filaments increased with the temperatures,
which meant the materials flew easier upon the temperature increased. The MFR
values of the ABS/GO were lower than those of pure ABS filament at all measured
temperatures, which might be attributed to the solid GO flakes restricted the
mobility and disturbed the flowability of the ABS chains.

For FFF 3D printing processes, with knowing the extrusion temperatures
and flowability of the printed materials led to the more accuracy and precision of
the printing process. The MFR information can be used as a guideline for setting
up the printing parameters [8]. In this study, a pseudo-MFR measurement was
conducted by measuring the extruded mass of the filaments through the printer
nozzle. The pure ABS and ABS/GO filaments displayed clear plateau values at all
temperatures (see Figure 9). As a result, the edge of the plateau was reflected the
lower bound of acceptable temperature for the corresponded extrusion rate.
Theoretically, below this temperature, the mass of polymer extruded cannot be

accurately achieved at the given feed rate.
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Figure 9. Melt flow rate (MFR) of ABS filament and ABS/GO composite filament
in dependent of temperature (220-240°C). The black color represented the results
from the conventional MRF measurement, and the red color represented the

results from the pseudo-MFR measurement using 3D printer.

On the other hand, extruding at a higher temperature than the lower bound
is undesirable since it would lead to slower solidification of the extruded bead on
the printed part. It was found that the ABS/GO composite filament exhibited the
similar behavior as compared to the pure ABS. Thus, the ABS/GO could be printed
using the same temperature range (220 - 240°C) used for the pure or conventional

ABS filaments.
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2.3.5.4. Rheology Test

The linear viscoelasticity responses of the materials were measured using a
parallel plate rheometer (ARES G2000). A frequency sweep between 0.0628 and
628 rad/s was performed at a temperature of 210 °C. Based on the result of the
strain sweep test, a constant strain was fixed as 5 % where the linear viscoelastic
behavior maintained. Also, the steady shear measurements were conducted at
220 °C, from the shear rate range of 0.01 to 1000 s*. The two parallel plates were
set up at 1 mm gap for all measurements.

The average shear rate in typical twin-screw extrusion ranges between 1
and 1,000 s? [9] [10]. For the FFF 3D printer, the shear rates in the nozzle are
commonly in the range of 0.1 - 200 s' [11]. Figure 10 shows the shear rate
dependence of viscosity for ABS and ABS/GO at 220 °C. At the shear rate of 0.1 to
1 s1, ABS and ABS/GO filaments showed almost similar viscosity values, which
confirmed that the ABS/GO could be 3D printed with the same temperatures set
up for pure ABS. Incorporating with the MFR results, it was concluded that the
ABS/GO and pure ABS could be 3D printed using the same printing parameters

(nozzle temperature and print speed).
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Figure 10. Shear rate dependence of viscosity for ABS and ABS/GO composite
tilaments.

Interfacial interaction between GO and ABS is a crucial role for enhancing
the mechanical performance of the composite. Generally, the opposition between
particle-particle interaction and particle-polymer interaction can be used to
determine the particle dispersion or aggregation in nanocomposites. Thus,
rheological behavior becomes a useful tool to evaluate the dispersion and
distribution of the GO in ABS. Since rheological behaviors deliver the relation
between molecular structure and mesoscale properties (such as phase structure
and filler dispersion), at the same time, providing the processing properties [12],
[13]. From the dynamic frequency sweep measurements, it was noticed that the

rheological behaviors of ABS and ABS/GO were almost similar as shown in Figure
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11, Figure 12, and Figure 13, respectively.
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Figure 11. Rheological properties from the dynamic frequency sweep test:
(a) ABS filament; (b) ABS/GO composite filament.

22



1x10°
F e G-ABS/GO
o  G"ABS/GO
e G-ABS
G"-ABS
s
1x10° L .:30
. eegéés‘éo
— Oo
© 0o°e
o, 8@ g.
z 1x10% 4 g~ ¢
(O E 88 e
- r [ J
- 8 °
o 03 ot
8° .o
1000 .o
E oo
® o
[ ]
100 Ll Ll Ll L
0.1 1 10 100 1000

Angular Frequency [rad/s]
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Figure 12 presents the storage and loss moduli of ABS and ABS/GO
tilaments. Only a small deviation of the G" and G” values were observed between
the ABS and ABS/GO filaments. Even though the increase in complex viscosities
at low frequencies due to the effect of GO fillers was found, the complex viscosities
of ABS and ABS/GO filament remained almost the same values at higher rates as
shown in Figure 13. This is again confirmed that the GO loading did not affect the
viscosity or flowability of the ABS.

Furthermore, we created the G’- G” plot for predicting the dispersion of GO
in ABS as presented in Figure 14. The G- G” pattern of pure ABS and ABS/GO

were close together, suggested the well distributed of GO in the composite.
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Figure 14. G’ versus G” plot for (red): ABS filament, and (black): ABS/GO

composite filament.
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2.3.5.5. FDM 3D Printability

Figure 15 and Figure 16 present the WANHAO Duplicator 6, the 3D printer
based on the FDM principle and the printed ABS/GO tensile specimens,
respectively. With the same printing conditions using for pure ABS, the ABS/GO
composite has been successfully printed. However, the clogged nozzle was

sometimes observed, which further led to the print failure (Figure 16 (a)).

Figure 15. FDM 3D printed specimen from ABS/GO composite filament

(a) ABS/GO (Dry mixing)

(b) ABS/GO (Solvent mixing)

Figure 16. FDM 3D printed specimen from (a) ABS/GO (Dry Mixing) and (b)
ABS/GO (Solvent Mixing) composite filaments.

25



2.3.5.6. Tensile Test

To study the mechanical properties, the tensile test specimens were printed
based on ASTM D638 Type-V geometry [14]. The crosshead speed was set as
5mm/min. Ultimate tensile strength; Young’s modulus and elongation at break
were evaluated as an average value of at least three replicates.

The tensile properties at room temperature of ABS and ABS/GO were
investigated and presented in Figure 17. From the typical stress-strain tensile
curves and corresponding statistical data, the elongation at break value decreased
with the GO loading. The elongation at break value of pure ABS was determined
as 5.8%, while the value of ABS/GO composite was 2.9%. However, by adding 2
wt% GO, the tensile strength and Young’s modulus of ABS were enhanced. This
might be due to the interlayer crosslinks of GO sheets under loads, led to the
ordering of the hierarchical structures, resulting in the great significant enhancing

of the mechanical properties [15].
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Figure 17. Typical stress-strain curves (a), value of elongation at break (b), tensile

strength (c), and Young’'s modulus (d) of ABS and ABS/GO printed specimens.

2.3.5.7. Morphology

The alternative performance of graphene-based nanofiller reinforced
composites depends on the dispersion and distribution of graphene-based
materials in the polymer matrix as well as the interfacial bonding between these
two phases [16]. The microstructures of the cryo-fractured sections of ABS,
ABS/GO (Dry Mixing), and ABS/GO (Solvent Mixing) on cross-section are shown

in Figure 18. Pure ABS showed a denser microstructure, while ABS/GO
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demonstrated a higher-porous surface with the presence of dispersed GO flakes
embedded in the ABS matrix.

For ABS/GO, GO flakes with dimensions around 10 um were noticed for
the ABS/GO (Dry Mixing), while they were ranged from 1-3 um for the ABS/GO
(Solvent Mixing). The smaller size and more uniform distribution of GO were the

critical keys for enhancing the mechanical behavior and for the thermal diffusivity

of the composite.

Figure 18. SEM images of (a) ABS; (b) ABS/GO (Dry Mixing); and (c) ABS/GO
(Solvent Mixing) composite filaments.

2.3.6. PP/organoclay nanocomposite filaments

Polypropylene (PP) pellets were ground into powder form. PP powder with
30 wt% of organoclay was extruded first as a master batch using a co-rotating twin-
screw extruder. The extrusion temperature profiles ramped from 180 up to 220 °C
(from the hopper to the die). The amount of the organoclay used in all the

nanocomposites was kept constant as 3 wt% concerning total PP, according to the
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good mechanical performance improvement resulting from our previous study
[17]. Thus, the PP/organoclay master batch was then diluted to obtain 3 wt% of

organoclay using the same melt extrusion parameters.

2.3.6.1. Nonisothermal DSC

Figure 19 shows the representative DSC curves of the PP and the
PP/organoclay nanocomposites. In general, the variation in the melting
temperature (Tm) indicates the change of crystal structures of material. The Tm of
nanocomposites could be changed upon filler loading. However, there is no
significant difference between Tm for the PP and the PP/organoclay
nanocomposites. Since the amount of organoclay loading in all of the
PP/organoclay nanocomposites in this study were kept constant at 3wt%, this
justified that the concentration of D18 does not considerably affect the thermal

stability of the PP.
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Figure 19. Melting temperatures of PP and PP/organoclay nanocomposites in

comparison with PLA, the conventional material used for FFF 3D printing.

A relative broad melting peak at 165°C is characteristic of the @ —phase of
iPP [18]. In comparison with the conventional PLA filament, the PP and the
PP/organoclay nanocomposites could be softened at the nearly same temperature
(Tm~165 °C). It could be implied that the PP and the PP nanocomposites could be
possibly 3D printed using the same temperature setup for the conventional PLA
filament. Hence, the developed PP and PP/organoclay nanocomposite filaments

can be 3D printed using the conventional FDM 3D printers.
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Figure 20. Crystallization temperature of PP and its composites; PP/BAD05, PP/BAD10
and PP/BADI15.

Figure 20 shows the crystallization temperature (Tc) for the PP and the
PP/organoclay nanocomposites. The crystallization temperatures of all the
PP/organoclay nanocomposites were found to be higher than that of pure PP. The
PP/BAD10 and PP/BAD15 presented a nearly similar crystallization behavior
whereas the PP/BADO5 showed the highest crystallization temperature. The shifts
of both the onset and peak toward higher temperatures for all the PP/organoclay

nanocomposites were observed as compared to pure PP.

2.3.6.2. Isothermal DSC

The crystallization of PP significantly affected by both the presence of D18

and the clay. These effects on the crystallization were in agreement with the

31



importance of the spherulite size reduction. Organoclay acted as nucleating sites
and induced crystallization of the PP matrix. The degree of crystallization for
materials with short molecules was high since they could crystallize faster and

more accessible [19]. The addition of D18 delayed the crystallization process as

shown in Figure 21.

l Exo —PP
:':I ------- PP/BADIS
i — -PP/BADID
h -=="PP/BADDS

T p——

DSC [mW/mg]

0 120 240 300 480 o600 720 8B40 960 1080 1200

Time [s]

Figure 21. Isothermal segments of the crystallization process at 125 °C of PP its
composites; PP/BADO05, PP/BAD10 and PP/BAD15.

When the higher content of D18 was added into the nanocomposites, the
crystallization behavior tended to be much more similar to the PP, in agreement
again with the weaker reductions in spherulite size compared to the pure PP.
However, for the small amount of D18 (PP/BADO05), the significant shift of Tm to
the higher temperature was observed, indicating the substantial reduction in

spherulite size as well as the faster crystallization of the composite. These results
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thus suggested that the amount of D18 played an essential role in the
crystallization behavior and also the degree of crystallinity. Furthermore, the
enthalpy tended to drop with an increase in D18 content. This phenomenon may
also attribute to a decrease of the thermodynamically stable alpha phase content

in favor of a mesomorphic structure [20].

2.3.6.3. Rheological Behaviors

The viscosity of the polymer melt usually plays an important role in the
processability of materials. Understanding rheological properties is of great
importance to achieve an overview of the material’s structures and also the
determination of processing conditions for real polymer processing, such as
extrusion and injection molding. The crucial challenge is to find the optimum
balance between improvements in properties, at the same time being able to
process the materials. Polymer composites are mainly processed under high
temperatures and high shear rates. There are several drawbacks resulted from
mixing hard particles with polymers, principally due to the considerable
difference in densities. Adding solid particles into a molten polymer changes the
viscoelastic behavior, the viscosity and the elasticity of the system.

The dynamic strain sweep test was first applied to the neat PP and

PP/organoclay nanocomposites to determine the linear viscoelastic region. Figure
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22 presents the storage modulus (G’), which is a sensitive rheological function
related to the structural changes of the nanocomposites [21]. Storage modulus (G”)
of all samples exhibits a linear region (Newtonian plateau) at low strain and the
non-linear region at high strain amplitudes. The addition of organoclay increased
the plateau modulus. The transition point, which appeared at the deviation region
from the linear to non-linear viscoelastic behavior, is defined as a critical strain
(Yo). It was observed that the critical strain (yc) for the PP/organoclay
nanocomposites varies with the D18 content. However, at the strain less than 10%,
all samples exhibit linear viscoelastic behavior. Therefore, all further rheological

measurements in this study were done in the linear regime at 2% strain.
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Figure 22. Storage modulus (G’) versus strain (y) curves for neat PP and its organoclay

nanocomposites at the temperature of 230 °C.
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Frequency sweep tests for the PP/organoclay nanocomposites in the linear
viscoelastic domain are shown in Figure 23. The storage modulus (G’) was
increased by the incorporation of the organoclay into the PP matrix. The
enhancement in the dynamic modulus was significant, in particular, at low
frequencies regime. Also, G’ becomes nearly independent on the frequency at low
frequencies, which is an evidence of the exfoliation or partial exfoliation [22]. It
can be explained that the diffusion of the organoclay molecules is favored by
making the galleries chemically compatible with the PP matrix. The compatibility
occurs by exchanging interlayers inorganic clay cations with D18 cations.
Therefore, layer distance (gallery distance) of organoclay increases due to the
modifier. With the same loading of organoclay, G’ value is molder with higher
D18 content. This reflects the less effective development of the physical interaction

between the PP chains and the layer of organoclay at higher D18 content.
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Figure 23. Frequency variations of the storage modulus, G" curves for neat PP and its

organoclay nanocomposites at the temperature of 230 °C.

Figure 24 shows the variation of the complex viscosity for the neat PP,
PP/BADO05, PP/BAD10, and PP/BAD15 nanocomposites. It was well established
that the addition of nanofillers into the polymer matrix increased the viscosity of
the system. When solid particles were added into a polymer matrix, they might
disturb the flow lines and restricted the mobility of the polymer chains. The
increase of the viscosity values also proves the physical network-like structure
developed in the PP/organoclay nanocomposites. Furthermore, it should be noted
that all the PP/organoclay nanocomposites exhibited shear-thinning behavior for

the complex viscosity without any plateau region at low frequencies. Pronounced
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shear thinning has also been reflected the nanodispersion which is another

evidence of the exfoliation morphology [23].
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Figure 25. Complex viscosity curves for neat PP and its organoclay nanocomposites at

the temperature of 230 C.

For the FFF 3D printer, the relatively low shear rate is expected near the
liquefier entrance and the print nozzle. Shear rates in the nozzle are commonly in
the range of 100-200 s* [10]. Table 3 illustrates the viscosities of the PP and the
PP/organoclay nanocomposites at the shear rate of 100, 200 and 1,000 s?. As
expected, PP/BAD15, the nanocomposites with the highest degree of D18 loading
displayed the lowest viscosity among the PP/organoclay nanocomposites at all
shear rates. This can be attributed to the effect of the shorter molecule of D18,
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which flow easier than the longer molecules, PP. Addition of D18 led to the
improvement of the flowability of the nanocomposites. The less amount of D18

resulted in the higher degree of exfoliation/intercalation.

Table 3: Shear thinning exponent and viscosities of neat PP and PP/organoclay

composites.
Samples n (@100s™) N (@200s™) 1 (@1000s?)
rp 235.56 176.42 80.73
PP/BADO5 581.77 360.43 117.64
PP/BAD10 578.87 369.49 128.98
PP/BAD15 339.90 230.17 90.50

2.3.6.4. Morphology

The homogeneity of organoclay dispersion directly affected the composite’s
printing ability and other physical properties. Figure 26 shows the SEM images
for fracture surface of the PP/clay composites filaments. With low D18 content, the
PP/BADO5, the matrix coverage was not sufficient. It can be seen from many voids
appeared as some evidences of the organoclay pullout from the PP matrix. This
indicated the weak interfacial bonding between the organoclay and the PP matrix.

With increasing the D18 content, the matrix coverage was improved. This could
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be explained by the fact that the high mobility of the low molecular weight
coupling agent, D18, allowed the PP matrix to interact actively with a large

number of clay platelets during compounding.

Figure 26. SEM images of fracture surfaces for neat PP and its organoclay

nanocomposites at 2000x magnification.

The morphology of the PP/organoclay nanocomposites reported in this
section were in good agreement with the rheological properties, confirming the
capability of dispersion as well as the consequent formation of interfacial adhesion
between the modified clay and the PP matrix.

Furthermore, to verify the dispersion of the organoclay and its
microstructure in the PP matrix, the TEM images of the printed PP/BAD05 and
PP/BAD15 were presented in Figure 27. At the same magnification (5,000x), the
organoclay modified with higher D18 content (PP/BAD159) showed a smaller size
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and better dispersion in the PP matrix than the PP/BADO05. Both the PP/BADO05 and
the PP/BAD15 seem to a combination of exfoliation and intercalation
morphologies as anticipated by the XRD analysis. However, it is observed that the
PP/BAD15 sample has larger clay tactoids which correspond to the more likely

intercalated morphology [21].

PP/BADOS PP/BADI15

e
x

Figure 27. TEM images of the 3D printed PP/BADO05 and PP/BAD15 at 5,000x (top) and
200,000x (bottom) magnifications.

2.3.6.5. 3D Printing Optimization

For FFF 3D printing, with the extrusion temperature known, the accuracy of

machine’s motions can be explored [24], [25]. Figure 28 shows the extruded mass
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as a function of temperature for the PP/BADO5 in comparison with the

conventional PLA filament.
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Figure 28. Extruded mass as a function of nozzle temperatures for PP/BADO05 and PLA

filaments.

Both materials tended to display a plateau at the temperatures higher than
220 °C. The edge of the plateau region is considered the lower bound of acceptable
temperatures for the extrusion rate. Below this temperature, the theoretical
amount of polymer extruded cannot be accurately achieved at the given feed rate.
Furthermore, extruding at the higher temperature than this lower bound would

cause the slower solidification of the extruded bead on the printed part. From the
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results, it could be concluded that PP/BADO5 could be 3D printed at the
temperature range of 220 - 240 °C.

In this study, an open source 3D printer, WANHAO Duplicator 6, was used
to 3D print the tensile test specimens based on ASTM D638-14 [14]. It is noted that
all prepared PP/organoclay nanocomposites can be 3D printed using the same
printing parameters listed in Table 4. However, the neat PP cannot be successfully
3D printed because of its semi-crystalline characteristic, which leads to the high
shrinkage and warpage during printing.

Table 4: Parameters used for 3D printing of PP/organoclay nanocomposites.

Parameters Value

Nozzle temperature [°C] 220

Layer height [mm] 0.2

Print speed [mm-s] 20




2.3.7. PP/graphene nanocomposite filaments

2.3.7.1. Nonisothermal DSC

In FFF 3D printing, the nozzle temperature selection, guided by thermal
properties, is crucial to printing flawless. To print, semi-crystalline materials must
therefore be heated above their Tm, but below their degradation points. Figure 29
shows our calorimetry on PP/graphene nanocomposite filaments. We find that the

Tm of our nanocomposites thus increases with filler loading.
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Figure 29. Melting temperature of neat PP and PP/ graphene nanocomposite filament

from the DSC second heating scan.
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Figure 30. Crystallization temperature of neat PP and PP/ graphene nanocomposite

filament from the DSC first cooling scan.

Figure 30 elucidates the crystallization of our PP and PP/graphene
nanocomposite filaments. The crystallization temperature of the nanocomposites
increased with the graphene loading. The graphene nanoparticles are thus

nucleating crystallization of the PP.

2.3.7.2. Isothermal DSC

Figure 31 shows isothermal crystallization curves of PP and PP/graphene
nanocomposites. We find that the peak rates descend monotonically with
graphene content. However, both the times at peak rate and the halfwidths for

compositions between 0.1 and 0.25wt% match. Outside this composition range,
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both the times at peak rate and the halfwidths ascend monotonically with

graphene content.
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Figure 31. Isothermal crystallization of neat PP and PP/ graphene nanocomposites at

110 °C.

2.3.7.3. 3D Printing Optimization

Melt extrusion based additive manufacturing is attractive and promising,
potentially providing solutions for current industrial challenges. The most
important parameters to achieve high interfacial bonding between printed layers
are high extrusion temperature, and maintaining this temperature in the most
recently deposited layers. In melt extrusion based 3D printing, knowing the
extrusion temperature and flowability of the printed materials leads to more

accurate and precise printing. The melt viscosity should be adequate to allow
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extrusion, yet sufficient to provide structural support [25], [26]. Also, high cooling
rate leads to a higher and more uniform mechanical performance. Thus, tuning the
cooling rates also matters.

Figure 32 shows the low bound for the extrusion temperature by comparing
nanocomposite crystallization with its viscosity behavior. The material is both
fully melted and soft enough to be extruded so long as temperature exceeds 110°C.
Exceeding 110°C will thus prevent solidification at the nozzle. Further, for our
material extrusion 3D printing, we thus use a build plate temperature of 110°C,
below which we may get dimensional instability. Specifically, instead of a smooth
interface, a build plate temperature below 110°C may cause shrinkage and

warpage.
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Figure 32. Specific heating rate and the magnitude of complex viscosity versus

temperature of neat PP and PP/ graphene nanocomposites.

For the melt extrusion-based 3D printing, we expect shear rates of 100 to
200 s1[27]-[29]. Figure 33 shows steady shear viscosity as a function of shear rate
for the neat PP and its nanocomposites, spanning this important range. Whereas,
compositions 0.10 and 0.25wt% overlap, otherwise the viscosity decreases with

graphene content. The reduction in viscosity can be attributed to poor interfacial
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adhesion between the graphene platelets and the PP matrix, leading to
discontinuous phases in the melt [30]. Of course, competing with this mechanism
is the effect of graphene sheet orientation, which itself is a source of shear thinning.
According to the steady shear viscosity data, over the range 100 to 200 s shown
in Figure 10, we might expect the nanocomposite with 0.75 wt% of graphene to

flow most easily in our material extrusion 3D printing.
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Figure 33. Shear shear viscosity of neat PP and PP/ graphene nanocomposites at 200 °C.
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2.3.7.4. Transmission Electron Microscopy (TEM)

Well controlled morphology of multiphase polymer blends is important for
blends with the best mechanical properties. Figure 34 shows TEM images of
PP/graphene nanocomposites with 0.10 wt% and 0.75 wt% of graphene. The
graphene nanosheets (black lines) are visible in these micrographs. Graphene
nanosheets are less visible in the nanocomposite with low graphene loading,

which may be attributed to the low concentration as well as the better exfoliation.

@) 0.10wt%

200 nm

200.0nm

Figure 34. TEM images of PP/graphene nanocomposite containing (a) 0.10wt% and (b)
0.75wt%.

2.3.7.5. Mechanical Properties

In this study, an extrusion-based 3D printer, Cubicon 210F (3D Printing
Studios, Sydney) was used to prepare the tensile test specimens following the
ASTM standard, D638-14 [25]. All PP/graphene nanocomposites were printed

using the same printing conditions, listed in Table 5.
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Table 5. Parameters setup for 3D printing of PP/graphene nanocomposites.

Parameters Values
Print nozzle diameter [mm)] 0.4
Nozzle temperature [°C] 200
Building plate temperature [°C] 110
Layer height [mm] 0.2
Infill density [%] 30
Printing speed [mm/s] 20

As expected, Figure 35(a) [and Figure 35(c)] show the Young’s modulus
[and elongation at break] increasing [decreasing] with graphene loading. By
contrast, Figure 35(b) records a nonmonotonic tensile strength behavior with
graphene loading. As a result, graphene exfoliation seems to be playing an

important role on the mechanical performance of the nanocomposites.
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increasing graphene content for PP/graphene nanocomposites.
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2.3.8 Conclusion

This study arrived at a methodology of fabricating good-quality ABS/GO,
PP/organoclay and PP/ graphene nanocomposite filaments for material extrusion
3D printing. The critical parameters, thermal, mechanical, rheological, and
morphological were examined.

For ABS/GO composites, the solvent system improved the GO dispersion
capability in ABS matrix and had no significant effect on the thermal properties of
the ABS/GO composite. However, the aggregation of GO could lead to the die
clogging and failed the extrusion process. The tensile strength and Young's
modulus of ABS were enhanced naturally by GO. Besides, the elongation at break
decreased and needed to be further improved. Improving mechanical properties
verified the feasibility of 3D printed ABS/GO for potential use in engineering
applications.

For PP/organoclay nanocomposites, the linear viscoelasticity responses
showed the significant effect of the clay addition. D18 was successfully used to
modify the clay surfaces, providing a better dispersion and wetting of the clay
particles in the hydrophobic polymer matrix such as PP. A pseudo-MFI
measurement proposed that the PP/organoclay nanocomposites could be 3D
printed at the temperature range of 220 - 240 °C using a conventional FFF 3D

printer.
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For PP/graphene nanocomposites, the mechanical tests show that the

Young’'s modulus increases with graphene loading, whereas the elongation at
break decreases. The graphene exfoliation seems to be playing an important role
on the mechanical performance of the nanocomposites.

This study demonstrated one of the active attempts to print GO-based
composite using FFF 3D printing process directly. The procedure used for
fabrication of ABS/GO, PP/organoclay nanocomposites and PP/graphene
nanocomposite, as well as testing protocol can be further used as a standard
method for the development of new composites filaments for Fused Deposition

Modeling (FDM) 3D printing.
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Additive manufacturing, the so-called three-dimensional (3D) printing, is a revolutionary emerging technology. Fused filament
fabrication (FFF) is the most used 3D printing technology in which the melted filament is extruded through the nozzle and builds
up layer by layer onto the build platform. The layers are then fused together and solidified into final parts. Graphene-based
materials have been positively incorporated into polymers for innovative applications, such as for the mechanical, thermal, and
electrical enhancement. However, to reach optimum properties, the graphene fillers are necessary to be well dispersed in polymers
matrix. This study aims to emphasise the interest of producing ABS/graphene oxide (GO) composites for 3D printing application.
The ABS/GO composite filaments were produced using dry mixing and solvent mixing methods before further melt extruded to
investigate the proper way to disperse GO into ABS matrix. The ABS/GO composite filament with 2 wt.% of GO, prepared from
the solvent mixing method, was successfully printed into a 3D model. By adding GO, the tensile strength and Young’s modulus of
ABS can be enhanced. However, the ABS/GO composite filament that was prepared via the dry mixing method failed to print. This

could be attributed to the aggregation of GO, leading to the die clogging and failure of the printing process.

1. Introduction

Numerous 3D printing technologies are now accessible, such
as stereolithography apparatus (SLA), selective laser sin-
tering (SLS), laminated object manufacturing (LOM), and
fused filament fabrication (FFF). The FFF is considered to be
the most commonly used and well-recognized technology
for making functional prototypes. In the FFF technique,
a thermoplastic filament is melted and extruded through the
nozzle, building up layer by layer onto the platform or build
plate. The layers are then fused together and solidified into
final products. Consequently, the quality of the printed parts
can be controlled by adjusting the printing parameters, such
as layer height, printing temperature, printing speed, and
printing orientation [1-6]. 3D printed polymers are used in
various areas, for example, in automotive, architectural, and
even in medical fields. Due to the relatively simple design,
capability, and affordability of the FFF process, it has gained

significant attention in both industry and academic research
[5]. However, the usable materials are limited to thermo-
plastic polymers with appropriate melt viscosity. As a result,
the melt viscosity should be adequate to allow extrusion, at
the same time, suitable to provide structural supports [4, 6].
Even though the 3D printing technologies have attracted
much attention over the past years, most of the published
studies focused on the printing of pure polymer materials.
The 3D printed polymer products are now used as con-
ceptual prototypes rather than functional components be-
cause of their shortage in strength and limited functionality.
Thus, there are recently extensive studies on developing
printable polymer composites with improving the perfor-
mance and gaining excellent functionalities [7-9]. For ex-
ample, Bandyopadhyay et al. [2] used the FFF technique to
fabricate the polymer/ceramic composites with controlled
phase structures, which are not possible with the conven-
tional fabrication techniques.
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Polymer/nanofiller composites have been considerably
investigated due to their broad applications. However, they
have many drawbacks regarding the agglomeration or
nonuniform dispersion of reinforcements or fillers. Also, the
voids generated during the composite filaments fabrication
can lead to the properties’ defection. In general, the addition
of nanofillers results in enhancing the mechanical, electrical,
thermal, and optical properties of the matrix. Likewise, GO
delivers relatively high mechanical strength, thermal con-
ductivity, and electrical properties [8, 10, 11]. If the GO
sheets are well dispersed in the polymer matrix, they can
form a highly oriented microstructure or cocontinuous
networks in the polymer, resulting in the mechanical,
thermal, and electrical properties improvement [12].
Graphene-based composite is still challenged due to its poor
dispersity, which may be caused by various reasons such as
restacking of the GO, weak interfacial bonding, and in-
compatibility with polymer matrix [10, 13]. Pinto et al. [10]
incorporated a small amount (0.2 to 1wt.%) of graphene
oxide (GO) and graphene nanoplatelets (GNP) into poly
(lactic acid), PLA, to produce composite films with im-
proved mechanical performance and oxygen and nitrogen
permeability. Wang et al. [14] reported that the tensile
strength of the PVA/GO composite nanofibers increased by
42 times with addition of only a slight loading of GO
(0.02 wt.%). Lin et al. [15] fabricated polyethylene/graphene
oxide nanocomposites by the melt blending technique using
polyethylene-grafted graphene oxide as a compatibilizer.
Even though a relatively good dispersion of graphene oxide
in the polyethylene matrix was evidenced, the improvement
of mechanical properties was still limited. The resulted
graphene-based composites can be suitable for various ap-
plications such as architectural applications like patio roofs,
windows, and trim [16].

There are three typical methods for graphene-based
polymer composite fabrication methods, including in situ
polymerization, melt compounding, and solvent blending.
The critical challenge for efficiently reinforcing the
graphene-based polymer composite is the good dispersion of
graphene fillers, which is significantly influenced by the
fabrication techniques. Even though many reports stated
that the melt extrusion or melt-compounding process is the
most typically used methods, the GO cannot be homoge-
neously dispersed in the polymer matrix. Due to the high
surface area of GO, it is tough for the molten polymer to
cover the two sides of the fragile GO sheets effectively. As
a result, the stack or agglomeration of GO sheets can be
observed [10, 11].

Zhang et al. [17] fabricated the flexible circuits based on
reduced GO (r-GO) using the FFF 3D printing technique.
They reported that the orientation of r-GO occurred during
the extrusion process contributed to enhancing the con-
ductivity of the 3D printed composite parts. Moreover, Dul
et al. [18] successfully prepared the ABS/GNP composite for
the FFF process using the melt compounding method. The
presence of GNP led to the reduction in the coefficient of
thermal dilation and improved the stability under long-
lasting loads for the 3D printed parts. However, it has
been spotted that the polymer/graphene-based material
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composites prepared via the solution mixing method pro-
vided better electrical properties than those fabricated by
melt extrusion due to the better dispersion of graphene-
based materials in polymer solution [16, 19].

Acrylonitrile butadiene styrene (ABS) is one of the most
used materials in the FFF process [20]. The relatively low glass
transition temperature (7T,) and excellent processing prop-
erties of ABS led to the ease of filament extrusion and 3D
printing. Moreover, it is an amorphous polymer, which
means there is no crystallite. Accordingly, the shrinkage ratio
during the cooling process is small, offering the high printing
accuracy and the dimensional constancy. All of the charac-
teristics stated above make ABS as an outstanding material for
FFF 3D printing. Incorporation of graphene-based materials
will potentially enlarge the applications and functionalities of
the 3D printed ABS, in particular, some practical applications
such as auto parts, conceptual prototypes, and jigs. However,
the use of ABS/graphene-based composites in 3D printing
application is still rarely demonstrated. Wei et al. [13] suc-
cessfully demonstrated one of the first attempts to 3D print
ABS/graphene composites using solution-based process.
However, there was no report regarding the property in-
vestigation for such 3D printed composites.

To produce a good-quality filament for the FFF process,
critical melt extrusion process parameters need to be ex-
amined. This study aims to accomplish good-quality com-
posite filament from ABS/GO composites. The ABS/GO
composites are prepared via solution mixing and dry mixing
methods, followed by melt extrusion to achieve the good GO
dispersion. The processability of ABS/GO composites is
further investigated in terms of thermal properties and
rheological properties. Also, 3D objects are printed to ex-
plore the printability of the prepared ABS/GO filament.

2. Materials and Methods

2.1. Preparation of Graphene Oxide (GO). The GO was
prepared using Hummers™ method. Concentrated H,SO,
was added to a mixture of graphite flakes (1 wt.% equiv.) and
NaNOj; (0.5wt.% equiv.). Then, the mixture was cooled to
0°C, and KMnO, (3wt.% equiv.) was added slowly in
portions to keep the reaction temperature below 20°C. After
that, the reaction was warmed to 35°C and stirred for 30
minutes, at which time water was added slowly to produce
a sizable exothermic reaction to 98°C. The external heating
was also introduced to maintain the reaction temperature at
98°C for 15 minutes. Then the heat was removed, and the
reaction was cooled down in a water bath for 10 minutes.
From this step, additional water (420 ml) and 30% H,O,
(3 ml) were added, and then the mixture was cooled down to
room temperature, followed by multiple washing, and dis-
persed in water.

2.2. Preparation of ABS/GO Composite. 'The dispersed GO in
water was washed and replaced by DMF to obtain a ho-
mogeneous GO/DMF dispersion with 2 wt.% of GO in DMF.
The ABS was then dissolved in DMF to get 10 wt.% of ABS in
DMEF. Then, the GO/DMF dispersion and ABS/DMF so-
lution were mixed and sonicated for 2 hours. The mixture
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was then dried to obtain ABS/GO composite with 20 wt.%
GO.

2.3. Preparation of ABS/GO Composite Filament

2.3.1. Solution Mixing. In this method, the ABS gets dis-
solved, and the GO is dispersed in DMF. Then, the dispersed
GO and ABS solution is mixed. The ABS/GO composite is
obtained after solvent evaporation, which further combined
with pure ABS and extruded to produce ABS/GO filament
for FFF 3D printing.

2.3.2. Dry Mixing. ABS is mixed mechanically with GO
powder and then is melt compounded using the twin-screw
extruder to avoid the use of the solvent system. This method
is widely used for preparing thermoplastic nanocomposite.

For the filament extrusion process, the ABS/GO com-
posite with 20 wt.% of GO content was diluted to 4 wt.% of
GO by mixing with the neat ABS granules. The mixture was
then melted and extruded using the twin-screw extruder.
The extrusion temperatures ranged from 160°C to 210°C
from the hopper to the die. Thus, the 1.75mm diameter
filament was produced and collected for the 3D printing test.
Figure 1 demonstrates the equipment setup for preparing the
ABS/GO filament by the melt extrusion process.

2.4. Fabrication of 3D Printed Parts. An open source 3D
printer, WANHAO Duplicator 6, was used to fabricate the
3D specimens. A tensile test specimen was designed using
CAD software based on ASTM D638-10 [21]. The FFF
printing parameters were optimized and are listed in Table 1.
It is noted that the same printing parameters were used for
both pure ABS and ABS/GO composite filaments.

2.5. Characterization

2.5.1. X-Ray Diffraction (XRD) Analysis. The X-ray dif-
fraction (XRD) of graphene-based materials was performed
using an X-ray diffractometer (Bruker AXS Model D8 Dis-
cover). All samples were scanned over the range 20 = 2—50°,
and measurements were recorded at every 0.02° interval.

2.5.2. Differential Scanning Calorimetry (DSC). The mea-
surements were carried out using a Netzsch DSC 3500 Sirius,
under the nitrogen atmosphere. The samples were heated
from room temperature to 250°C. After an isothermal step
for 2 minutes, the samples were cooled down to 30°C and
finally heated up to 250°C after another isothermal step for
2min. A scanning temperature ramp of 10 K/min was used
for all dynamic steps.

2.5.3. Thermogravimetric Analysis (TGA). The measure-
ments were carried out using a Netzsch STA 2500. The
samples were heated from room temperature to 600°C,
under the nitrogen atmosphere. A scanning temperature
ramp of 10 K/min was used for the dynamic steps.

P
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N

Die ;
orotating twin screw
_extruder

jooling bath

FIGURE 1: Melt extrusion process setup for ABS/GO composite
filament fabrication.

TaBLE 1: Parameters used for the FFF 3D printing of ABS and
ABS/GO composites.

Parameters Value
Print nozzle diameter (mm) 0.4
Nozzle temperature (°C) 220
Bed temperature (°C) 100
Layer height (mm) 0.1
Print infill (%) 100
Print speed (mm/s) 20

2.5.4. Melt Flow Rate. The melt flow rate (MFR) is a com-
mon rheological measurement in which the molten polymer
is pushed through a capillary die under a specific load, and
the mass of extruded polymer is measured and reported in
the unit of the extruded mass/10 minutes. The MFR mea-
surements were carried out according to ASTM D1238
standard (Procedure A), at a temperature range of 220-
240°C with an applied load of 2.16 kg [22].

A pseudo-MFR measurement was performed using the
FFF 3D printer with the nozzle diameter of 0.4 mm in order
to determine the proper printing temperature. The extruded
material through the nozzle in a 30-second time frame was
weighed as a function of temperature.

2.5.5. Rheology Test. The linear viscoelasticity responses of
the materials were measured using a parallel plate rheometer
(ARES G2000). A frequency sweep between 0.0628 and
628 rad/s was performed at a temperature of 210°C. Based on
the result of the strain sweep test, a constant strain was fixed
as 5% where the linear viscoelastic behavior maintained.
Also, the steady shear measurements were conducted at
220°C, from the shear rate range of 0.01 to 10005~ . The two
parallel plates were set up at 1 mm gap for all measurements.

2.5.6. Tensile Test. To study the mechanical properties, the
tensile test specimens were printed based on ASTM D638
Type-V geometry [23]. The crosshead speed was set as
5 mm/min. Ultimate tensile strength, Young’s modulus, and
elongation at break were evaluated as an average value of at
least three replicates.
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FiGure 2: XRD diagram of graphite, graphene, and graphene oxide
(GO).

3. Results and Discussion

Recently graphene/polymer composite has been fabricated
by introducing graphene flakes into a conventional polymer
that can be used for FFF printing applications. However, the
apparent graphene aggregation and the phase separation
between graphene and polymer matrixes are significant
problems. In this work, graphene oxide (GO) was used to
improve the graphene’s dispersion in the ABS matrix.

3.1. X-Ray Diffraction (XRD) Analysis. In this study, GO was
obtained by the oxidation of graphite regarding Hummers’
method. Figure 2 shows the XRD patterns of the graphite,
graphene, and obtained GO.

According to Bragg’s law (nd = 2d sin 0), the value of D
spacing depended on the 6 value. The diffraction peak of
graphite was observed at 26 = 36.7° with D spacing around
0.11 nm. The diffraction peak for graphene was shifted to 26
=25 with D spacing around 0.35 nm as compared to those of
graphite, while the GO revealed the diffraction peak at 20 =
12.9° with D spacing of 0.67 nm. The shifts of the diffraction
peak and the increase of the D spacing value attributed to the
oxygen functional group between planes of GO sheets. The
interactions of the oxygen functional group between GO
interlayers led to an increase in the D spacing value, while
the 6 value decreased. In other words, in the absence of the
oxygen functional group, the 0 value increases, while the D
spacing value decreases.

3.2. Thermal Properties. Figure 3 shows the representative
DSC curves of ABS, ABS/GO (dry mixing), and ABS/GO
(solvent mixing) composite filaments. In general, the vari-
ation in the melting temperature (7T;,) indicated the change
in crystal structures of material. T,,, of nanocomposites could
be changed upon filler loading. ABS has no exact melting
point because of its amorphous characteristic. However, no
significant difference between T, of the neat ABS filament
and the ABS/GO composite filaments from both dry mixing
and solvent mixing methods was found. The glass transition
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FIGURE 3: Melting temperature of the ABS filament, ABS/GO
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FIGURE 4: TGA thermogram of the ABS filament, ABS/GO (solvent
mixing), and ABS/GO (dry mixing) composite filaments.

temperatures (T;) were observed at 105.72°C, 104.77°C, and
105.69°C for ABS, ABS/GO (dry mixing), and ABS/GO
(solvent mixing) filaments, respectively. The maintained
T, subsequently revealed the thermal stability of the
ABS/GO composite even though the composite experienced
the solvent system before the extrusion process. Further-
more, the ABS/GO composite could be softened and pos-
sibly 3D printed using the same temperature setup used for

the pure and conventional ABS filaments.

3.3. Thermal Stability. To explore the effect of GO on
thermal stability of the ABS and ABS/GO composite fila-
ments, thermal gravimetric analysis (TGA) was conducted.
Figure 4 shows the TGA thermogram of neat ABS and
ABS/GO composite (2wt.% GO) filaments. All materials
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FiGUure 5: SEM images of (a) ABS, (b) ABS/GO (dry mixing), and (c) ABS/GO (solvent mixing) composite filaments.

started to decompose at the temperature around 400°C,
which was higher than the typical temperature for 3D
printing the conventional ABS filament (220-240°C). At
240°C, the highest temperature used for the 3D printing the
conventional ABS filament, the ABS/GO (solvent mixing)
showed a more mass drop (~3%) as compared to the pure
ABS (~1.3%) and ABS/GO (dry mixing). These results
could be due to the volatile compounds and the solvent
molecules that might still be trapped in the composite
filaments.

3.4. Morphology. The alternative performance of graphene-
based nanofiller-reinforced composites depends on the
dispersion and distribution of graphene-based materials in
the polymer matrix and the interfacial bonding between
these two phases [16]. The microstructures of the cryo-
fractured sections of ABS, ABS/GO (dry mixing), and
ABS/GO (solvent mixing) on cross section are shown in
Figure 5. Pure ABS showed a denser microstructure, while
ABS/GO demonstrated a higher-porous surface with the
presence of dispersed GO flakes embedded in the ABS
matrix.

For ABS/GO, GO flakes with the dimensions around
10 um were noticed for the ABS/GO (dry mixing), while they
ranged from 1-3 ym for the ABS/GO (solvent mixing). The
smaller size and the more uniform distribution of GO were
the critical keys for enhancing the mechanical behavior and
for the thermal diffusivity of the composite.

3.5. Flowability. The flowability of the ABS/GO composite
was investigated via the melt flow rate (MFR) measurement.
The MFR represented the flowability of the material and was
inversely proportional to its viscosity. It could be used to
evaluate how the presence of GO affected the processability
of the ABS/GO composite. As shown in Figure 6, the MFR
values of both ABS and ABS/GO composite filaments in-
creased with the temperatures, which meant the materials
flew easier upon the temperature increased. The MFR values
of the ABS/GO were lower than those of the pure ABS
filament at all measured temperatures, which might be at-
tributed to the solid GO flakes that restricted the mobility
and disturbed the flowability of the ABS chains.

8.0

7.0 1

6.0 4
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4.0 4
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2.0 4

Melt flow rate (g/10 min)
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® ABS/GO (pseudo-MFR)
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Figure 6: Melt flow rate (MFR) of the ABS filament and the
ABS/GO composite filament dependent on temperature (220-
240°C). Black color represents the results from the conventional
MRF measurement, and red represents the results from the
pseudo-MFR measurement using the 3D printer.
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FIGURE 7: Shear rate dependence of viscosity for ABS and ABS/GO
composite filaments.
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For FFF 3D printing processes, knowing the extrusion
temperatures and flowability of the printed materials led to
the more accuracy and precision of the printing process. The
MFR information can be used as a guideline for setting up
the printing parameters [24]. In this study, a pseudo-MFR
measurement was conducted by measuring the extruded
mass of the filaments through the printer nozzle. The pure
ABS and ABS/GO filaments displayed clear plateau values at
all temperatures (Figure 6). As a result, the edge of the
plateau reflected the lower bound of acceptable temperature
for the corresponded extrusion rate. Theoretically, below
this temperature, the mass of polymer extruded cannot be
accurately achieved at the given feed rate.

On the contrary, extruding at a higher temperature than
the lower bound is undesirable since it would lead to slower
solidification of the extruded bead on the printed part. It was
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F1Gure 10: Complex viscosity versus the angular frequency for the
ABS filament and the ABS/GO composite filament.

1000000
100000 + ’
o®
= .0
£ 10000 t *?
@) ‘.'
C1)
“0.
1000 + ™3
o ®
[ ]
100 t
1000 10000 100000
G" (Pa)
e ABS
e ABS/GO

Figure 11: G’ versus G” plot for (red) ABS filament and (black)
ABS/GO composite filament.
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FiGUre 13: FFF 3D printed specimen from (a) ABS/GO (dry mixing) and (b) ABS/GO (solvent mixing) composite filaments.

found that the ABS/GO composite filament exhibited the
similar behavior as compared to the pure ABS. Thus,
ABS/GO could be printed using the same temperature range
(220-240°C) used for the pure or conventional ABS
filaments.

3.6. Rheological Properties. The average shear rate in typical
twin-screw extrusion ranges between 1 and 1,000 s
[25, 26]. For the FFF 3D printer, the shear rates in the
nozzle are commonly in the range of 0.1-200s " [27].
Figure 7 shows the shear rate dependence of viscosity for
ABS and ABS/GO at 220°C. At the shear rate of 0.1to 15",
ABS and ABS/GO filaments showed almost similar vis-
cosity values, which confirmed that ABS/GO could be 3D
printed with the same temperature setup for pure ABS.
Incorporating with the MFR results, it was concluded that
ABS/GO and pure ABS could be 3D printed using the
same printing parameters (nozzle temperature and print
speed).

Interfacial interaction between GO and ABS is a crucial
role for enhancing the mechanical performance of the
composite. Generally, the opposition between particle-
particle interaction and particle-polymer interaction can
be used to determine the particle dispersion or aggregation
in nanocomposites. Thus, rheological behavior becomes
a useful tool to evaluate the dispersion and distribution of
the GO in ABS. Because the rheological behaviors deliver
the relation between molecular structure and mesoscale
properties (such as phase structure and filler dispersion), at
the same time, providing the processing properties [28, 29].
From the dynamic frequency sweep measurements, it was

noticed that the rheological behaviors of ABS and ABS/GO
were almost similar as shown in Figures 8-10, respectively.

Figure 9 presents the storage and loss moduli of ABS and
ABS/GO filaments. Only a small deviation of the G’ and G”
values was observed between ABS and ABS/GO filaments.
Even though the increase in complex viscosities at low
frequencies due to the effect of GO fillers was found, the
complex viscosities of ABS and ABS/GO filament remained
almost the same values at higher rates as shown in Figure 10.
This is again confirmed that the GO loading did not affect
the viscosity or flowability of the ABS.

Furthermore, we created the G'-G” plot for predicting
the dispersion of GO in ABS as presented in Figure 11. The
G'-G" patterns of pure ABS and ABS/GO were close to-
gether, suggested the well distribution of GO in the
composite.

3.7. FFF 3D Printability. Figures 12 and 13 present the
WANHAO Duplicator 6, the 3D printer based on the FFF
principle, and the printed ABS/GO tensile specimens, re-
spectively. With the same printing conditions used for pure
ABS, the ABS/GO composite has been successfully printed.
However, the clogged nozzle was sometimes observed,
which further led to the print failure (Figure 13(a)).

3.9. Mechanical Properties. The tensile properties at the
room temperature of ABS and ABS/GO were investigated
and presented in Figure 14. From the typical stress-strain
tensile curves and corresponding statistical data, the elonga-
tion at the break value decreased with the GO loading. The
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FIGURE 14: Typical stress-strain curves (a), value of elongation at break (b), tensile strength (c), and Young’s modulus (d) of ABS and

ABS/GO printed specimens.

elongation at the break value of pure ABS was determined as
5.8%, while the value of ABS/GO composite was 2.9%. How-
ever, by adding 2wt.% GO, the tensile strength and Young’s
modulus of ABS were enhanced. This might be due to the
interlayer crosslinks of GO sheets under loads, leading to the
ordering of the hierarchical structures which results in the great
significant enhancement of the mechanical properties [30].

4. Conclusion

A new 3D printing filament from ABS/GO composite was
successfully prepared by solution mixing and followed by
melted extrusion using a twin-screw extruder. The solvent
system improved the GO dispersion capability in the ABS
matrix and had no significant effect on the thermal prop-
erties of the ABS/GO composite. However, the aggregation
of GO could lead to the die clogging and failure of the
extrusion process. The tensile strength and Young’s modulus
of ABS were enhanced naturally by GO. Besides, the
elongation at break decreased and needed to be further
improved. Improving mechanical properties verified the

feasibility of 3D printed ABS/GO for potential use in en-
gineering applications.

Our study demonstrated one of the active attempts to
print GO-based composite using FFF 3D printing process
directly. However, the printed part quality, functionalities,
and applications based on the printed ABS/GO composite
needed to be further exploited.
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Abstract. 3D printing has attracted a lot of attention over the past three decades. In particular the Fuse Filament Fabrication
(FFF) technique, general materials require low shrinkage during cooling and viscous behavior during extrusion through a
nozzle. Semi-crystalline thermoplastics and their composites are of the relevance of new materials for 3D printing. However,
the crystalline structures, for instance, may have a favorable impact on their printability. In this study, polypropylene/organ-
oclay nanocomposites were prepared by melt extrusion using a twin-screw extruder. The effects of organoclay on the thermal,
rheological and morphological properties were studied to evaluate the possibility of using the polypropylene/organoclay
nanocomposites as the FFF 3D printing feedstock. Dioctadecyl dimethyl ammonium chloride (D18) was successfully used
to modify the clay surfaces, providing a good dispersity and wettability of organoclay in the PP matrix.

Keywords: polymer composites, polypropylene; organoclay, 3D printing, fused filament fabrication (FFF)

1. Introduction

3D printing technologies have been introduced to
serve the highly particular needs of model creating
and rapid prototyping [1]. However, it has not gained
enough vitality to be commercialized until recently.
3D printing becomes more affordable through a fused
filament fabrication (FFF) process since it offers ad-
vantages, including low cost, high speed, and sim-
plicity as compared to other 3D printing techniques.
Another advantage is the potential of printing di-
verse materials simultaneously. Multiple extrusion
nozzles with the loading of different materials can
be set up in FFF printers, so printed parts can be multi-
functional with designed composition [2, 3]. Con-
versely, one common drawback of FFF printing is that
the composite materials have to be in a filament form
to enable the extrusion process. It is difficult to dis-
perse reinforcements homogeneously and remove the
voids formed during the manufacturing of composite
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filaments. Thus, the usable material is limited to amor-
phous thermoplastic polymers with suitable melt vis-
cosity to allow the good dispersion of the reinforce-
ments. Also, the melt viscosity should be appropriate
to provide structural support and low enough to en-
able extrusion. The general materials require low
shrinkage during cooling and viscous behavior dur-
ing extrusion through a nozzle. Therefore, this brings
about the most exclusive use of amorphous thermo-
plastics in FFF. Thermoplastic polymer materials such
as acrylonitrile butadiene styrene (ABS), polylactic
acid (PLA), polyamide (PA) and polycarbonate (PC)
could be processed by 3D printing technology. How-
ever, most of the 3D printed polymer products are still
now used as conceptual prototypes rather than func-
tional components, due to the intrinsically limited me-
chanical properties and functionalities of printed pure
polymer parts. Accordingly, there is a critical need to
develop printable polymer composites, including
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high precision, cost-effective and customized geom-
etry. Semi-crystalline thermoplastic is one of the new
relevance materials for 3D printing. However, the
crystalline structure, for example, may effect me-
chanical properties, chemical resistance positively
and may have a favorable effect on the end-use prop-
erties for various applications [4, 5].
Nanocomposites are multiphase solid materials where
one of the phases has a dimension of <100 nm. The
nanofillers can be in various forms such as particles,
sheets (exfoliated clay stacks) or fibers. Nanoclay is
one of the most commonly used nanofiller in partic-
ular for the fuel tank and fuel line components for cars
[6]. Polypropylene-based composites are generally
used in automotive applications to manufacture the
part that may need to involve the compressive im-
pact loading under a wide range of temperatures
such as bumpers [7].

Polypropylene (PP)/clay nanocomposites find appli-
cations where excellent mechanical properties, low
permeability to gases or flame resistance are essen-
tial service specifications at low clay content [3, 5].
The development of PP/clay nanocomposites poses
particular challenges because of the hydrophobicity
of PP. Thus, the hydrophilic clays tend to form ag-
glomerates during mixing with PP. This is due to the
van der Waals attraction between clay particles. It is
well-known that the dispersion of nanoclay in the
polymer matrix depends on the surface peeling, fol-
lowed by polymer chains diffusion into the nanoclay
galleries [8]. The methods commonly employed to
facilitate intercalation/exfoliation of the clay and max-
imize its interfacial contact with the polymer matrix
include adding compatibilizers such as maleic anhy-
dride grafted polymer; dimethyl maleate grafted poly-
mer, as well as the surface modifications/treatments
[6, 8—13]. This can significantly affect the matrix
morphology and usually leads to proper clay inter-
calation instead of exfoliation [10, 11, 14]. More-
over, the cationic modification is commonly per-
formed in an aqueous medium in which clay swell
easily to produce organophilic clays. Among the
methods, quaternary ammonium salts are frequently
used. In such a case, the microstructural characteri-
zation concerning matrix morphology and clay dis-
persion, which affects the end properties of the com-
posites, becomes crucial to understand. Melt com-
pounding using twin-screw extruders allows the re-
quired high stress to break up the tactoid structure
of the clays and to promote intercalation/exfoliation
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[15]. In addition, twin-screw extruders are widely
used in industry, and the process is straightforward.
Accordingly, thermal and rheological properties of
the composites have attracted much interest [4, 15].
The properties of composites are dependent on dif-
ferent factors such as the size, shape and nature of
the filler particles, interactions between their con-
stituents, orientation, dispersion and distribution of
the particles in the matrix and notably the filling
level [16]. This study focuses on the development of
polymer nanocomposite filaments for the FFF 3D
printing process, using PP and organoclay. The typ-
ical melt extrusion process used in polymer process-
ing technologies is performed to prepare the PP/
organoclay nanocomposites. The thermal, rheologi-
cal, morphological and tensile properties of the nano-
composites are investigated to evaluate a possibility
of using PP/organoclay composites as FFF 3D print-
ing feedstock. Such PP/organocomposites may have
applications in structural, electrical/electronic and
automotive fields.

2. Experimental

2.1. Materials

Sodium-bentonite clay was supplied by Thai Nippon
Chemical Co. Ltd., Thailand. The surfactant used in
this study was a mixture of dioctadecyl dimethyl am-
monium chloride salts with alkyl chain length of 14
(4%), 16 (32%), and 18 (58%), which will be re-
ferred to as D18 throughout the study. The surfactant
was purchased from Thai Specialty Chemical Co.,
Ltd., Thailand. Polypropylene (PP) powder (MFI =
19.8 g/10 min) was obtained from HMC Polymer
co., Ltd., Thailand.

2.2. Organoclay preparation

400 g of Na-bentonite were added to 20 ml of deion-
ized water and stirred vigorously for 3 h. Various
amounts of D18 were then added in portions (Table 1)
as coupling agent. The reaction mixture was heated
at 70°C for 1 h. The mixture suspension was finally
filtered, washed and dried at 80 °C for at least 12 h
and then ground to fine powder.

Table 1. Organoclay modified with different D18 concentra-

tions.
Organoclay Dioctadecyl dime[tlllll)lflll zll;lgngr;iyulm chloride (D18)
BADO5 0.50
BADI10 0.10
BADI15 0.15
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2.3. PP/organoclay composites preparation

Polypropylene (PP) pellets were ground into powder
form. PP powder with 30 wt% of organoclay (Table 1)
was extruded first as a master batch using a co-ro-
tating twin-screw extruder. The extrusion tempera-
ture profiles ramped from 180 up to 220 °C (from the
hopper to the die). The amount of the organoclay
used in all the nanocomposites was kept constant as
3 wt% concerning total PP, according to the good
mechanical performance improvement resulting from
our previous study [17]. Thus, the PP/organoclay mas-
ter batch was then diluted to obtain 3 wt% of organ-
oclay using the same melt extrusion parameters.

2.4. Characterization

2.4.1. X-ray diffraction (XRD)

The X-ray diffraction (XRD) of organoclay was per-
formed using an X-ray diffractometer (Bruker AXS
Model D8 Discover). All samples were scanned over
the range 20 = 2—-10° and the measurements were
recorded at every 0.02° interval.

2.4.2. Differential scanning calorimetry

The measurements were carried out using a DSC
3500 Sirius, under nitrogen atmosphere. The samples
were heated from room temperature to 280 °C. After
an isothermal step for 2 min, the samples were cooled
down to 30°C and finally heated up to 280 °C after
another isothermal step for 2 min. Scanning temper-
ature ramps of 10 K/min were used for all dynamic
steps. A heat of fusion for a 100% crystalline PP of
205 J/g [4] was used to calculate the degree of crys-
tallization. For isothermal analysis, all materials
were quenched from 230°C to an isothermal tem-
perature (125°C).

2.4.3. Rheology test

First, dynamic strain sweep tests were performed
using a rheometer (Germini 2000, TA instrument)
equipped with 25 mm diameter parallel plates. The
dynamic strain sweep test was conducted from the
strain values of 0.1-100% with the frequency of
0.628 rad/s to investigate the linear regime for all
samples. After that, the linear viscoelasticity responses
of the materials were measured with the frequency
sweep tests between 0.628 and 628 rad/s at a tem-
perature of 210°C. A constant strain of 2% (which
is in the linear regime for all samples) was used, and
the gap between the two plates was set to 1 mm. After

applying the Cox-Merz rule, the complex viscosity
could be determined as a function of the shear rate.

2.4.4. Scanning electron microscopy (SEM)

For the examination of the organoclay dispersion in
the PP matrix, the PP/organoclay nanocomposite fil-
aments were mounted in resin. They were then met-
allographically ground using emery paper and pol-
ished on diamond pads. The samples were examined
using a JEOL JSM-IT500HR scanning electron mi-
croscope (SEM) at an accelerating voltage of 10 kV.
For imaging, backscattered electrons were used to
enhance the contrast of the specimen images, com-
pared with secondary electrons.

Furthermore, the cryo-fracture surfaces of the PP/
organoclay nanocomposite filament were also studied
using a Hitachi SU3500 scanning electron micro-
scope at an accelerating voltage of 15 kV. Prior to in-
vestigation, all samples were sputter coated with gold.

2.4.5. Transmission electron microscopy (TEM)
All PP/organoclay nanocomposite samples were in-
vestigated using the transmission electron micro-
scope (TEM), (JEOL 2010 with an acceleration volt-
age of 200 kV) to verify the dispersion of organoclay
in the PP matrix. The PP/organoclay nanocomposite
filaments were prepared as a 90 nm thick slice using
a microtome with a diamond knife in liquid nitrogen.
The slices were then imaged in the TEM.

2.4.6. Tensile tests

To obtain the mechanical properties, the tensile tests
were carried out according to ASTM D638 [18]. The
specimens were printed based on Type-V geometry.
The crosshead speed was set to 5 mm/min. Ultimate
tensile strength; Young’s modulus and elongation at
break were evaluated as an average value of at least
five replicates.

3. Results and discussion

3.1. X-ray diffraction

The XRD analysis allows estimating the distance be-
tween the clay layers according to Bragg’s law [15]
as shown in Equation (1):

2dsin® = nA (D

where d represents the spacing between diffraction
lattice planes, 0 is the diffraction angle of the beam
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on these planes, 7 is a positive integer representing
the diffraction order, and A corresponds to the wave-
length of the X-ray radiation used in the diffraction
experiment. Based on the interaction force of the
polymer/organoclay, three types of nanocomposite
morphologies could be generated, including interca-
lation, exfoliation and phase-separation.

The intercalated morphology resulted in a displace-
ment of the peaks associated with the basal distance
toward angles’ lower values, corresponding to a dis-
tance between the most critical sheets. Exfoliated
morphology resulted in the absence of diffraction
peak because of a much too large spacing between
the layers, or the nanocomposite does not present or-
dering anymore [19, 20].

Figure 1 presents the XRD patterns of the unmodi-
fied clay, organoclay modified with different D18
contents as well as PP and PP/organoclay nanocom-
posites, respectively, from the region of 20 between
2 to 10°. For the clay modified with the series of dif-
ferent D18 loading, the peak intensity was increased
with increasing the D18 content. Besides, the peaks
tended to shift toward the lower angle values (see Fig-
ure la). These results indicated that there exists a dif-
ference in the clay microstructure after organically
modified the clay surface with D18. The similar re-
sults were also found in the case of the PP/organoclay
nanocomposites as depicted in Figure 1b. There was
no peak observed for the neat PP observed in the in-
teresting region. For the PP/organoclay composites,
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Figure 1. XRD patterns of (a) unmodified clay and organ-
oclay modified with different D18 contents and
(b) neat PP and PP/organoclay nanocomposites.
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the examined diffraction peaks shifted toward lower
angle values as the D18 contents increased. The peak
of PP/BADO5 observed at the 26 value of 3.0°, cor-
responded to 37.2 A d-spacing. With increasing the
D18 contents, the broader distribution of the d-spac-
ing value was also observed. The d-spacing values
were 33.3 A (20 =2.7°) and 29.8 A (20 = 2.4°) for
for PP/BAD10 and PP/ BADI1S5, respectively. PP is
nonpolar and does not interact perfectly with clay
platelets. However, due to the high shear during the
melt extrusion process as well as the addition of the
coupling agent, the combination of intercalation and
exfoliation could be achieved in the composites de-
spite the non-polarity of PP. The lower angle values
revealed intercalation while the larger d-spacing val-
ues suggested exfoliation developed in the PP/organ-
oclay nanocomposites, which allowed peeling of the
clay platlets.

From our previous study, the D18 molecules can be
either packed as an island of interdigitating mono-
layers or an island of highly tilted bilayers on the clay
surface, leading to the increase in d-spacing value
[17]. For the small loading of D18 (PP/BADOS), even
though the stacking of the organoclay has not com-
pletely disappeared, the peaks have slightly broad-
ened. It is possible that the clay surface has not yet
fully covered with the D18 molecules, leaving the
empty space around the island where the hydrate
water-Na” is located, resulting in a less ordered
structure.

3.2. Thermal properties

In FFF 3D printing, temperatures of the nozzle are
crucial parameters to print the composite filaments
without major structural flaws smoothly. Thus, ther-
mal properties of such composite filament were care-
fully assessed with standard techniques, differential
scanning calorimetry (DSC). The printable materials
need to be heated above the glass transition temper-
ature (7,) or the melting temperature (71,) to get soft-
ened the composites. However, if the temperature is
set too high, it could degrade the polymer ingredi-
ents. Therefore, before 3D printing, T, or T}, of the
materials is the first and most vital parameter to be
determined.

Figure 2 shows the representative DSC curves of the
PP and the PP/organoclay nanocomposites. In gen-
eral, the variation in the melting temperature (7},) in-
dicates the change of crystal structures of material.
The Ty, of nanocomposites could be changed upon
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Figure 2. Melting temperatures of PP and PP/organoclay
nanocomposites in comparison with PLA, the con-
ventional material used for FFF 3D printing.

filler loading. However, there is no significant dif-
ference between Tm for the PP and the PP/organ-
oclay nanocomposites. Since the amount of organ-
oclay loading in all of the PP/organoclay nanocom-
posites in this study were kept constant at 3wt%, this
justified that the concentration of D18 does not con-
siderably affect the thermal stability of the PP.

A relatively broad melting peak at 165 °C is charac-
teristic of the a-phase of iPP [21]. In comparison with
the conventional PLA filament, the PP and the PP/
organoclay nanocomposites could be softened at the
nearly same temperature (73, ~165 °C). It could be im-
plied that the PP and the PP nanocomposites could
be possibly 3D printed using the same temperature
setup for the conventional PLA filament. Hence, the
developed PP and PP/organoclay nanocomposite fil-
aments can be 3D printed using the conventional
FDM 3D printers.

Figure 3 shows the crystallization temperature (7;) for
the PP and the PP/organoclay nanocomposites. The

FP/BADOS
B ! PP/BAD10
- P, D S — — — — — i — —, —
E _PPBADIS
2
2 PP

40 60 80 100 120 140 160 180 200 220 240

Temperature [*C]

Figure 3. Crystallization temperature of PP and its compos-
ites; PP/BADOS, PP/BAD10 and PP/BADI5.

Table 2. Differential scanning calorimetry results of neat PP
and PP/organoclay nanocomposites.

*

To | T | X [T o] Te | AHe | A
Samples | (ot | jocy | (o] | €1 1°CI | el | el
PP 165.1110.8 | 46.8 155.4 114.9 | 994 | 96.0
PP/BADO5|165.8 | 1189 | 35.6 | 1544 | 122.8 | 73.0 | 73.0
PP/BADI10|164.8 | 1144 | 33.4 | 153.6 | 118.8 | 69.6 | 68.4
PP/BADI15|164.7 | 113.9| 30.0 | 152.5 118.9 | 58.6 | 61.6

“Heat of fusion, AH,, for 100% crystalline PP = 205.0 J/g [18].

crystallization temperatures of all the PP/organoclay
nanocomposites were found to be higher than that of
pure PP. The PP/BAD10 and PP/BADI15 presented
a nearly similar crystallization behavior whereas the
PP/BADOS showed the highest crystallization tem-
perature. The shifts of both the onset and peak to-
ward higher temperatures for all the PP/organoclay
nanocomposites were observed as compared to pure
PP. This clearly illustrates that the crystallization of
PP significantly affected by both the presence of D18
and the clay. These effects on the crystallization were
in agreement with the importance of the spherulite
size reduction. Organoclay acted as nucleating sites
and induced crystallization of the PP matrix. The de-
gree of crystallization for materials with short mol-
ecules was high since they could crystallize faster
and more accessible [22]. As shown in Table 2, the
degree of crystallinity decreased with increasing the
D18 content. The addition of D18 delayed the crys-
tallization process as shown in Figure 4.

When the higher content of D18 was added into the
nanocomposites, the crystallization behavior tended
to be much more similar to the PP, in agreement
again with the weaker reductions in spherulite size
compared to the pure PP. However, for the small

— PP

------- PP/BAD15
— - PP/BAD10
---- PP/BADO5

DSC [mW/mag]

0 120 240 360 480 600 720 840 960 1080 1200
Time [s]

Figure 4. Isothermal segments of the crystallization process
at 125°C of PP its composites; PP/BADOS, PP/
BADI10 and PP/BADI15.
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amount of D18 (PP/BADO0S5), the significant shift of
T to the higher temperature was observed, indicat-
ing the substantial reduction in spherulite size as well
as the faster crystallization of the composite. These
results thus suggested that the amount of D18 played
an essential role in the crystallization behavior and
also the degree of crystallinity. Furthermore, the en-
thalpy tended to drop with an increase in D18 con-
tent. This phenomenon may be also attributed to a de-
crease of the thermodynamically stable alpha phase
content in favor of a mesomorphic structure [23].

3.3. Rheological behaviors

The viscosity of the polymer melt usually plays an
important role in the processability of materials. Un-
derstanding rheological properties is of great impor-
tance to achieve an overview of the material’s struc-
tures and also the determination of processing con-
ditions for real polymer processing, such as extru-
sion and injection molding. The crucial challenge is
to find the optimum balance between improvements
in properties, at the same time being able to process
the materials. Polymer composites are mainly
processed under high temperatures and high shear
rates. There are several drawbacks resulted from
mixing hard particles with polymers, principally due
to the considerable difference in densities. Adding
solid particles into a molten polymer changes the
viscoelastic behavior, the viscosity and the elasticity
of the system.

The dynamic strain sweep test was first applied to
the neat PP and PP/organoclay nanocomposites to
determine the linear viscoelastic region. Figure 5
presents the storage modulus (G'), which is a sensitive
rheological function related to the structural changes
of the nanocomposites [12]. Storage modulus (G") of
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Figure 5. Storage modulus (G’) versus strain (y) curves for
neat PP and its organoclay nanocomposites at the
temperature of 230°C.
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all samples exhibits a linear region (Newtonian
plateau) at low strain and the non-linear region at
high strain amplitudes. The addition of organoclay in-
creased the plateau modulus. The transition point,
which appeared at the deviation region from the lin-
ear to non-linear viscoelastic behavior, is defined as
a critical strain (y.). It was observed that the critical
strain (y.) for the PP/organoclay nanocomposites
varies with the D18 content. However, at the strain
less than 10%, all samples exhibit linear viscoelastic
behavior. Therefore, all further rheological measure-
ments in this study were done in the linear regime at
2% strain.

Frequency sweep tests for the PP/organoclay nano-
composites in the linear viscoelastic domain are
shown in Figure 6. The storage modulus (G') was in-
creased by the incorporation of the organoclay into
the PP matrix. The enhancement in the dynamic mod-
ulus was significant, in particular, at low frequencies
regime. Also, G' becomes nearly independent on the
frequency at low frequencies, which is an evidence
of the exfoliation or partial exfoliation [11]. It can
be explained that the diffusion of the organoclay mol-
ecules is favored by making the galleries chemically
compatible with the PP matrix. The compatibility oc-
curs by exchanging interlayers inorganic clay cations
with D18 cations. Therefore, layer distance (gallery
distance) of organoclay increases due to the modifier.
With the same loading of organoclay, G’ value is
molder with higher D18 content. This reflects the
less effective development of the physical interaction
between the PP chains and the layer of organoclay
at higher D18 content.

Figure 7 shows the variation of the complex viscos-
ity for the neat PP, PP/BADOS5, PP/BAD10, and PP/
BAD15 nanocomposites. It was well established that
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Figure 6. Frequency variations of the storage modulus, G’
curves for neat PP and its organoclay nanocom-
posites at the temperature of 230°C.
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Table 3. Shear thinning exponent and viscosities of neat PP
and PP/organoclay composites.

Samples nat100s?! | nat200s?! | nat1000s!
PP 235.56 176.42 80.73
PP/BADO5 581.77 360.43 117.64
PP/BAD10 578.87 369.49 128.98
PP/BADI15 339.90 230.17 90.50

organoclay nanocomposites at the temperature of

230°C.

the addition of nanofillers into the polymer matrix
increased the viscosity of the system. When solid par-
ticles were added into a polymer matrix, they might

disturb the flow lines and restricted the mobility of

the polymer chains. The increase of the viscosity val-
ues also proves the physical network-like structure
developed in the PP/organoclay nanocomposites.
Furthermore, it should be noted that all the PP/organ-
oclay nanocomposites exhibited shear-thinning be-
havior for the complex viscosity without any plateau
region at low frequencies. Pronounced shear thinning
has also been reflected the nanodispersion which is
another evidence of the exfoliation morphology [11].
Also, by applying the Cox-Merz rule, Figure 8 pres-
ents the shear viscosity of the PP and its nanocom-
posites. The average shear rate in the typical co-rotat-
ing twin-screw ranges between 1 and 1000 s~ [24].
For the FFF 3D printer, the relatively low shear rate
is expected near the liquefier entrance and the print
nozzle. Shear rates in the nozzle are commonly in
the range of 100-200 s~ [25]. Table 3 illustrates the
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Figure 8. Shear viscosity (applied Cox-Merz rule) curves for
neat PP and its organoclay nanocomposites at the
temperature of 230 °C.
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viscosities of the PP and the PP/organoclay nano-
composites at the shear rate of 100, 200 and 1000 s~
As expected, PP/BAD15, the nanocomposites with
the highest degree of D18 loading displayed the low-
est viscosity among the PP/organoclay nanocompos-
ites at all shear rates. This can be attributed to the ef-
fect of the shorter molecule of D18, which flow easier
than the longer molecules, PP. Addition of D18 led to
the improvement of the flowability of the nanocom-
posites. However, incorporating with the G' and XRD
results, the capability of the exfoliation and interca-
lation of the PP/organoclay nanocomposites could
be improved by modifying clay with the coupling
agent, D18. The less amount of D18 resulted in the
higher degree of exfoliation/intercalation.

Figure 9 shows a Cole-Cole plot of the storage mod-
ulus G’ versus the loss modulus G” for the neat PP and
its organoclay nanocomposites at 230 °C. It was pro-
posed that the logG'-logG"” should be similar if the
microstructure does not alter [26]. The logG'-logG"
curve can also be used to elucidate structure differ-
ences of polymer materials at a fixed conditions such
as a fixed temperature. The increase of G’ at a given
G" indicated that the microstructure of the compos-
ites changed significantly with the addition of organ-
oclay. Also, the organoclay modified with higher
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Figure 9. Storage modulus (G') as a function of loss modu-
lus (G") of neat PP and its organoclay nanocom-
posites at the temperature of 230°C.
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D18 content resulted in the less structural deviation
as compared to the neat PP.

3.4. Morphology

The homogeneity of organoclay dispersion directly
affected the composite’s printing ability and other
physical properties. The dispersion of organoclay in
the PP matrix was investigated via the polished sur-
faces of the PP/organoclay composites as shown in
Figure 10. It is seen that the smaller size of the organ-
oclay is found for the case of more substantial D18
loading content.

Figure 11 shows the SEM images for fracture sur-
face of the PP/clay composites filaments. With low
D18 content, the PP/BADOS5, the matrix coverage
was not sufficient. It can be seen from many voids
appeared as some evidences of the organoclay pull-
out from the PP matrix. This indicated the weak in-
terfacial bonding between the organoclay and the PP
matrix. With increasing the D18 content, the matrix
coverage was improved. This could be explained by

PP/BAD10 . .

c)

the fact that the high mobility of the low molecular
weight coupling agent, D18, allowed the PP matrix
to interact actively with a large number of clay
platelets during compounding.

The morphology of the PP/organoclay nanocompos-
ites reported in this section were in good agreement
with the rheological properties, confirming the ca-
pability of dispersion as well as the consequent for-
mation of interfacial adhesion between the modified
clay and the PP matrix.

3.5. 3D printing optimization

3.5.1. Nozzle temperature

For FFF 3D printing, with the extrusion temperature
known, the accuracy of machine’s motions can be
explored [27, 28]. Figure 12 shows the extruded
mass as a function of temperature for the PP/BADO0S5
in comparison with the conventional PLA filament.
Both materials tended to display a plateau at the tem-
peratures higher than 220 °C. The edge of the plateau
region is considered the lower bound of acceptable

d)

Figure 10. SEM images of polished surfaces for neat PP and its organoclay nanocomposites at 500x magnification. a) PP,

b) PP/BADOS, ¢) PP/BAD10, d) PP/BADI15.
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Figure 11. SEM images of fracture surfaces for neat PP and its organoclay nanocomposites at 2000x magnification. a) PP,

b) PP/BADOS, ¢) PP/BAD10, d) PP/BADI15.

temperatures for the extrusion rate. Below this tem-
perature, the theoretical amount of polymer extruded
cannot be accurately achieved at the given feed rate.
Furthermore, extruding at the higher temperature than
this lower bound would cause the slower solidification
of the extruded bead on the printed part. From the re-
sults, it could be concluded that PP/BADOS5 could be
3D printed at the temperature range of 220-240°C.

3.5.2. Tensile properties

In this study, an open source 3D printer, WANHAO
Duplicator 6, was used to 3D print the tensile test
specimens based on ASTM D638-14 [18]. It is noted
that all prepared PP/organoclay nanocomposites can
be 3D printed using the same printing parameters
listed in Table 4. However, the neat PP cannot be suc-
cessfully 3D printed because of its semi-crystalline
characteristic, which leads to the high shrinkage and

2 ok SR . warpage during printing.
05 | —«— PP/BADOS = T The tensile properties at room temperature of the
5 g PP/BADOS5 and PP/BAD15 were shown in Figure 13.
o
©
?EJ 03 Table 4. Parameters used for 3D printing of PP/organoclay
E: 0ok nanocomposites.
in] Parameters Value
L & Print nozzle diameter [mm)] 0.4
58 . _ Nozzle temperature [°C] 220
180 190 200 210 220 230 240 Bed temperature [°C] 110
Nozzle temperature [°C] Layer height [mm] 0.2
Figure 12. Extruded mass as a function of nozzle tempera-  |P rint infill [%o] 30
tures for PP/BADOS and PLA filaments. Print speed [mm-s™'] 20
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fications.
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The tensile strength, Young’s modulus as well as the
elongation at break of the PP/BAD15 were margin-
ally higher than those of the PP/BADOS5. This could
be attributed to the better dispersion of the organ-
oclay (BADI15) in the PP matrix. These results were
in good agreement with the rheological behaviors
and SEM results.

3.5.3. Organoclay dispersion

To verity the dispersion of the organoclay and its mi-
crostructure in the PP matrix, the TEM images of the
printed PP/BADO5 and PP/BAD15 were presented
in Figure 14. At the same magnification (5000x), the
organoclay modified with higher D18 content (PP/
BAD15) showed a smaller size and better dispersion
in the PP matrix than the PP/BADO05. Both the PP/
BADOS and the PP/BAD15 seem to a combination
of exfoliation and intercalation morphologies as an-
ticipated by the XRD analysis. However, it is ob-
served that the PP/BAD15 sample has larger clay
tactoids which correspond to the more likely inter-
calated morphology [12].

4. Conclusions

In this study, a new PP/organoclay nanocomposite
filament was first-time successfully prepared by the
melt intercalation method using a twin-screw extrud-
er and 3D printed into the three-dimensional shape.
The linear viscoelasticity responses of the PP/organ-
oclay nanocomposites showed the significant effect
of the clay addition. D18 was successfully used to
modify the clay surfaces, providing a better disper-
sion and wetting of the clay particles in the hy-
drophobic polymer matrix such as PP. A shift of the
(00 1) plane peak to lower angle, indicated the more
intercalation capability, while the larger d-spacing
values suggested exfoliation developed in the PP/
organoclay composites. Combining the XRD results,
the rheological behavior and the TEM results togeth-
er, it can be concluded that the PP/organoclay nano-
composites prepared in this study have mixed inter-
calated/exfoliated microstructure. A pseudo-MFI
measurement proposed that the PP/organoclay nano-
composites could be 3D printed at the temperature
range of 220-240°C using a conventional FFF 3D
printer. The results of this study can be further used
for facilitating the development of engineering ma-
terials based on semicrystalline polymers from plas-
tic industries.
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Abstract: The combination of high-density polyethylene (HDPE), low-density polyethylene (LDPE)
and polypropylene (PP) is frequently found in polymer waste streams. Because of their similar density,
they cannot be easily separated from each other in the recycling stream. Blending of PP/ polyethylenes
(PEs) in different ratios possibly eliminate the sorting process used in the regular recycling process.
PP has fascinating properties such as excellent processability and chemical resistance. However,
insufficient flexibility limits its use for specific applications. Blending of PP with relative flexible PEs
might improve its flexibility. This is a unique approach for recycling or upcycling, which aims to
maintain or improve the properties of recycled materials. The effects of the branched-chain structures
of PEs on the crystallization behavior and the related mechanical properties of such blends were
investigated. The overall kinetics of crystallization of PP was significantly influenced by the presence
of PEs with different branched-chain structures. The presence of LDPE was found to decrease the
overall crystallization rate while the addition of HDPE accelerated the crystallization process of the
blends. No negative effect on the mechanical performance and the related crystallinity was observed
within the studied parameter range.

Keywords: polymer blends and alloys; recycling; crystallization; crystal structure; kinetics

1. Introduction

Plastics are used daily in some applications. A considerable amount of plastic is used in disposable
products. The amount of plastic consumed has been growing steadily due to desirable properties
such as low density, high strength, ease of manufacturing and low cost. As a result, both industry
and private households generate more and more plastic waste. The most prominent concerns are
single-use plastic items such as packaging, bags and containers. Unfortunately, appropriate waste
management strategies are not developing at the same rate as the increasing levels of plastic wastes.
A significant amount of waste does not reach proper disposal sites, instead of littering the landscape,
and blowing or washing into the sea, which leads to severe environmental problems. Polyolefins,
which have excellent recycling properties, make up over 50% of the non-recycled plastic (high-density
polyethylene, HDPE, low-density polyethylene, LDPE and polypropylene, PP). This has motivated the
interest in plastic reuse and recycling [1-3].

Polyethylenes (PEs) are the most common plastic. Their primary uses are in packaging including
plastic bags, plastic films and bottles. PEs are classified according to their polymerization method,
density and branching. There are several types of PEs, but the most common use is the high-density
polyethylene (HDPE) and the low-density polyethylene (LDPE). HDPE has between five and ten short
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branches every 1000 carbon atoms. LDPE has the same number of branches as HDPE; however, they are
much longer and are usually branched themselves [4-6]. Polypropylene (PP) is a linear hydrocarbon
polymer with an intermediate level of crystallinity between LDPE and HDPE. Similar to PE in many
properties, the presence of the methyl group attached to every other backbone carbon atom can alter
the properties in some ways. The tertiary carbon atom can provide a site for oxidation. As a result,
PP is less stable than PE. The orientation of each methyl group relative to the adjacent methyl groups
has a strong effect on the polymer’s ability to form crystals [7]. Due to its desirable physical properties
such as high tensile strength, high stiffness and high chemical resistance, polypropylene (PP) has been
widely used as packaging material, for instance as margarine and yogurt containers, bottle caps and
microwavable food. However, it shows weak impact strength at low temperatures and is susceptible to
environmental stress cracking [8,9]. LDPE waste mostly results from bags and packaging films. Owing
to its low mechanical properties and easy processability it is recycled as garbage bags. One possibility
to develop alternative applications is blending it with other materials to improve the low mechanical
performance of recycled LDPE.

The combination of PP and PEs is frequently found in polymer waste streams. Because of their
similar density, PP and PEs cannot be easily separated from each other in the recycling stream [10].
Blends of PP and PEs have become a subject of great economic and research interest, not only to improve
the processing and mechanical properties of PP but also to some extent to expand opportunities to
recycle these mixed plastics [11-15] Since the 1980s, a considerable amount of work has been focused on
the study of mechanical properties of mixed PP and PEs. The effectiveness of blending mainly depends
on the miscibility or immiscibility of the blended components. PP and HDPE as well as PP and LDPE
are generally considered immiscible in any blending ratio and show a remarkable phase separation
during cooling and crystallization, which reflects the end-properties of such blends. In polymer blends,
the crystallization process may have a significant influence on its morphological features, thermal and
mechanical properties.

Semi-crystalline polymers, PP and PEs, consist of crystallites of different lamellar thickness and
degree of perfection. Crystallization kinetics in such polymer blends are very complex in relation
to the different crystallization behavior of the two components. These include the production of
primary nuclei, formation and spreading of surface nuclei, and inter-diffusion of crystallizable and
non-crystallizable chains at the advancing front of the growing crystal [16-18]. In general, depending on
the nucleation, there are two types of crystallization: heterogeneous and homogeneous crystallization.
The crystal fraction in a polymer is a function of both the nucleation rate and the growth rate of
the spherulite in the sample. The factors influencing the changes in primary nucleation in polymer
blends can be divided into two groups. (i) The properties of the minor phase polymer in the blend,
including miscibility, glass transition temperature, ability to crystallize, the temperature range in
which crystallization is possible and surface tension of the polymer melt and (ii) the blending/mixing
processes. For such blends in which dispersed polymer can crystallize, the size of its inclusions,
controlled by the parameters of the mixing process, is one of the most critical factors determining
the crystallization kinetics of the blend. For example, the non-equilibrium molecular structure of the
PP/LDPE blend can be observed as a result of the strange process of PP crystallization [12]. Accordingly,
the crystallization in blends of PP with LDPE and HDPE has been studied. PP has a high degree of
crystallinity due to its regular chain structure. Galeski et al. [19] examined the morphology of an
isotactic PP (iPP)/LDPE blend and revealed that the LDPE occlusions introduced substantial changes
in the internal structure of the iPP spherulites. From a polarizing micrograph, it was seen that the
LDPE droplets hindered the spherulite-growing front, causing distinct concavities. The influence of
crystallization of a dispersed polymer in the matrix crystallization can probably explain the decrease of
spherulite size in nonisothermically crystallized samples of the blends reported for iPP with LDPE [20],
and iPP with HDPE [21]. During fast nonisothermal crystallization, a simultaneous crystallization of
both components is also possible. Already crystallized inclusions of a dispersed polymer accelerate
the crystallization of the matrix acting as nucleating agent and induce the formation of additional
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spherulites. Finally, the average spherulite radius in those blends becomes smaller than in plain iPP
crystallized under the same condition [22]. Razavi-Nouri et al. [23] studied the morphology of PP/linear
low-density PE (LLDPE) blends and found that the nucleation densities of the PP spherulites decreased
in the presence of the LLDPE. Moreover, LLDPE remained as discrete droplets dispersed throughout the
PP spherulites, which indicated the immiscibility of these two components. In the case of PE/PE blends,
molten PEs of different type chain structures usually are immiscible. The spherulites of PE with higher
Tm, are encapsulated by those of the other PE during crystallization. Thus, once cooled below the
crystallization point of one component, the blends” morphology is fixed within the crystalline structure.

The physical properties of PP and PEs are too similar to enable the detection of such phase
separation, which governs the mechanical properties of the end product directly. Likewise, the phase
behaviors of PP/PEs blends, are not entirely understood yet. However, the crystallization behavior plays
an essential role in determining the crystal structure as well as the phase morphology, which further
affects the end-use properties, especially mechanical performance. In this study, the influences of
different chain structures PEs on the crystallization behaviors of PP/PEs blends as well as effects on the
tensile properties are investigated. The crystallization behaviors, including the kinetics of crystallization
as well as the crystal morphology, were studied using the differential scanning calorimetry (DSC)
and the polarized optical microscopy techniques, respectively. The gel permeation chromatography
(GPC) technique was used to measure the molecular weight and molecular weight distribution of the
materials. Also, the blend morphology was analyzed via the scanning electron microscopy (SEM).
Thus, the correlation between the crystallization behaviors and the tensile properties of PP/PEs blends
were addressed. Furthermore, the effects of the recycling process on the chain structures, crystallization
behaviors, as well as the tensile properties of recycled PP/PEs blends, are discussed.

2. Materials and Methods

2.1. Materials

The polymers chosen for this study have substantial differences in processing behavior and
end-use properties. We selected the commercial virgin resins which are commonly used for packaging
applications including Low-density polyethylene, LDPE (DOW LDPE 132I, Dow Chemical Company,
Chicago, IL, USA), high-density polyethylene, HDPE (Marlex HXM 50100, Chevron Phillips Chemical,
Woodlands, TX, USA) and polypropylene, PP (FHR Polypropylene P9G1Z-047, Flint Hills Resources,
Longview, TX, USA).

The manufacturing scrap of recycled LDPE (Bapolene®1072, Bamberger Polymers, Inc., Itasca, IL,
USA), injection molding grade used for food packaging) and regrind PP (Inspire ®6025N, Braskem,
Philadelphia, PA, USA), used for blown film and thermoforming of packaging containers) were
supplied by PLACON (Fitchburg, WI, USA). Incorporated together with virgin material of both grades
were selected as representatives for recycled materials.

2.2. Sample Preparation

All materials were processed using a Leistritz (Somerville, NJ, USA) ZSE18HPe laboratory, modular,
intermeshing, co-rotating twin-screw extruder and subsequently pelletized with the appropriate
downstream equipment (a water-through, blown-air drier and a rotary cutter). The extrusion
temperature profile was in a range of 180-220 °C from the hopper to die and the screw speed of 100
rpm. The PP/LDPE and PP/HDPE blends were prepared with the weight ratio of 100/0, 75/25, 50/50,
25/75 and 0/100, respectively.

For the mechanical properties” measurement, the PP/LDPE and PP/HDPE blends were prepared as
the tensile bars according to ASTM D638-14 using a Type 1. All specimens were injection molded using
an Allrounder 320S injection molding machine of the ARBURG GmbH and Co. KG, Lofburg-Germany
with a clamping force of 500 kN. This machine is equipped with a screw of 25 mm diameter and an
effective screw length (L/D ratio) of 24. The mold temperature is set at 25 °C.
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3. Characterization

3.1. Melt Flow Rate (MFR) Measurements

The melt flow rate (MFR) is a good technique to determine the effects of reprocessing since it is
an indirect measurement of the melt viscosity of materials. It also indicates the changes in molecular
weight and is widely used in the thermoplastic industry. The MFR measurements were carried out in
an extrusion plastometer Series 4000 according to the ASTM D1238-10, using procedure A [24].

3.2. Differential Scanning Calorimetry (DSC)

The melting and crystallization behavior of PP, LDPE, HDPE and their blends were determined
using a DSC (214 Polyma, NETZSCH Group, Selb, Germany) under nitrogen atmosphere.
For crystallization and melting temperature measurement, PP, LDPE, HDPE and their blends were
melted at 200 °C, held isothermal for 2 min, then cooled to —35 °C and heated to 200 °C again with the
scanning temperature rate of 5 K/min. For isothermal analysis, all blends and pure polymers were
quenched from 200 °C to an isothermal temperature between 100 to 125 °C.

For the analysis of the crystallization kinetics, the Thermokinetics software (Version 3.1, Selb,
Germany) from NETZSCH Group was used (Model: n-Dimensional nucleation (Avrami-Erofeev)).

According to the rule of mixtures, the crystallinity of PP/LDPE blends was determined from the
melting enthalpy (AHm) [25]. The actual melting enthalpy of a blend is related to the enthalpy of the
individual polymer and to their weight fraction w in the blends:

A = D)
j = ——— 1)
W)
thus,
AHpppy  AHp(LDPE
AHpp /1. DPE _( > ( )+ (LDPE) )
(PP) W(LDPE)

The degree of crystallinity, x, of PP, LDPE and their blends was calculated using the

following equation;
_ AH;
~ AHp
where AH) is the specific heat of melting of completely crystalline materials, AHy = 205]/g, and
293 ]/ g for PP and PEs, respectively [6].

However, in PP/PEs blends, the resultant morphologies are not only attributed to thermodynamic
factors but also to kinetic ones during subsequent crystallization. The crystallization kinetics are
described in terms of the Avrami equation (Equation (4)), a common tool to describe overall isothermal
crystallization (including nucleation and growth of spherulites). It can be also written as:

X x 100 ®3)

In(-In(1-X(t))) =Ink(T)+nlnt 4)

When applied for DSC analysis, it is assumed that the differential area under the crystallization
curve with time corresponds to the dynamic changes in the conversion of mass from the melt phase
to the solid phase. The relative crystal conversion X(t) as a function of time was calculated by the

following equation:
_ X

Xoo
where X(t) is the released heat until time ¢ and t. is the total released heat by crystallization.
The Avrami index, 7, is a complex exponent, which is related to the dimensionality of the growing
crystals and to the time dependence of nucleation. While the crystallization rate coefficient, k, is the
overall crystallization growth rate constant and related to the nucleation type, crystal growth and

X(t) Q)
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crystallization temperature. Based on these two values, the crystallization half-time, t1 ,, which is a
representation of the crystallization rate, can be evaluated from:

In2

k= .
(t12)"

(6)

In this study, the crystallization kinetics of all materials were calculated based on the Avrami
model using the Thermokinetics software.

3.3. Polarized Optical Microscopy

The phase transformation of PP, LDPE, HDPE and their blends was investigated using an Olympus
IX71 polarising optical microscope (Melville, NY, USA) equipped with a 50x objective and a hot-stage.
All samples were prepared as 10 pm thick films using a microtome. The films were heated between a
glass slide and coverslip to 200 °C and kept for 2 min. Subsequently, the samples were quenched to an
isothermal temperature between the crystallization temperatures for PP (125 °C) and LDPE (100 °C).

3.4. Tensile Tests

The tests were carried out according to ASTM D638-14 [26] using a Type 1 tensile bar on an Instron
5960 Dual Column Tabletop tensile test machine (Norwood, Massachusetts) with a 30 kN load cell.
The crosshead was moved with a constant velocity of 500 mm/min until the specimen broke in the
gauge section. The strength and the strain of the sample were determined based on the maximum
force and the elongation of the tensile bar. At least five measurements were taken for each material.

3.5. Gel Permeation Chromatography (GPC) Analysis

The analyses were performed using a PL GPC220, equipped with DAWn Heleos-II, detector
from Wyatt Technology (Santa Barbara, California). The two PLgel Olexis separating column with
300 mm X 7.5 mm, Agilent Technologies were employed. All measurements were performed with
1,2,4 trichlorobenzol stabilized with 0.1% BHT at the flow rate of 1 ml/min and the measurement
temperature of 150 °C.

3.6. Scanning Electron Microscope (SEM) Analysis

The cryo-fracture surfaces of the PP/PEs blends were studied using the LEO 1530 scanning electron
microscope (SEM, White Plains, NY, USA) at an accelerating voltage of 5 kV. All fractured samples
were etched with sulfuric acid at 80 °C for 2 h. Prior to investigation, all samples were sputter-coated
with gold.

4. Results and Discussion

4.1. Melting and Crystallization Temperatures

According to the data available in the literature as well as the one presented in this study, PP,
LDPE and HDPE crystallize separately, and both polymers can have a mutual effect on the process of
crystallization, and the morphology of the blends [12].

Figure 1a shows the DSC heating curves of PP, LDPE and their blends at different compositions.
The two endothermic peaks in the temperature range corresponding to the melting temperature of the
individual polymers. The melting temperature of PP and LDPE does not significantly depend on the
composition of the blends. As shown in Figure 1b, the crystallization temperature of LDPE in PP/LDPE
blends remarkably shifts to higher temperature relative to the crystallization peak of pure LDPE and
remains almost constant in all blend compositions. However, the crystallization temperature of PP in
PP/LDPE blend with 75 wt % of LDPE content shifts to lower temperatures, which indicates a reduction
in the perfection of the formed crystallites.
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Figure 1. (a) Melting temperature (Tr,) from the 2nd heating scan and (b) crystallization temperature
(T.) of polypropylene (PP), low-density polyethylene (LDPE) and their blends at different compositions.

For PP/HDPE blend, the T, of HDPE in all blend compositions remains almost constant
temperatures relative to that of pure HDPE (~131 °C) as shown in Figure 2a. However, the
crystallization behavior of PP/HDPE blends is complex compared with the melting behavior. As shown
in Figure 2b, the crystallization peak of blends shifts to the higher temperature, which is close to the
crystallization temperature (T.) of HDPE. Even though PP/HDPE blend systems seem to show only
one T, however, the bimodal behavior is more pronounced at higher HDPE loading blend (75 wt %
HDPE). The bimodal crystallization behavior could be associated with partially miscible behavior.
Also, a single crystallization peak of the blend with small HDPE loading could be postulated that the
PP was miscible with HDPE at elevated fraction and temperature. A single crystallization peak may be
due to a very close crystallization temperature of the individual polymers; 116.2 °C for PP and 117.6 °C
for HDPE. Also, the one crystallization peak possibly implies co-crystallization of the materials, which
leads to miscibility and compatibility of the blends.
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Figure 2. (a) Melting temperature (Tr,) from the 2nd heating scan and (b) crystallization temperature
(T¢) of PP, high-density polyethylene (HDPE) and their blends at different compositions.

4.2. Crystallinity

Figure 3a presents the crystallinity of PP/LDPE blends both total and separately in the blends. It can
be seen that the crystallinity of PP and LDPE in the blends varies depending on their composition. In the
case of high viscosity polymers, the increase of LDPE (lower viscosity) content decreases the degree of
crystallinity of the blend. Concerning an individual component, it is seen that the crystallinities of
both LDPE and PP in the blends exhibit an almost linear relationship with its concentration.

Similarly, Figure 3b presents the total crystallinity of PP/HDPE blends both total and separately
in the blends. The more linear structure of HDPE results in more crystallinity compared to those of
PP. The larger the HDPE contents, the higher crystallinity of the blends. Remarkably, a drop of the
total crystallinity of PP/HDPE blends appears when the blend contains 75 wt % HDPE, which could be
related to the deviation in crystallization behavior as well as the crystal structure of the blend.
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Figure 3. % Crystallinity of (a) PP/LDPE blends and (b) PP/HDPE blends at different blend compositions.

4.3. Crystal Structures

The crystal structures and morphology of PP, LDPE, HDPE and their blends were captured using
the polarized optical microscope. From the DSC results, it is known that PP starts crystallizing at
125 °C while LDPE and HDPE begin at 100 and 124 °C, respectively.

PP is a semi-crystalline thermoplastic polymer with a high degree of crystallinity due to its regular
chain structure. In general, PP can crystallize in a wide range of spherulite dimensions (from 10-50 pm
to 280-370 um) depending on the crystallization conditions as well as the presence of nucleating
agent [27,28]. LDPE and HDPE crystals, in general, consist of ethylene units in a chain fold structure.
Thus, the segment length of an ethylene unit can limit the lamella thickness. From this study, it is
visible that LDPE crystals are much smaller in size compared to PP crystals. The crystal sizes are about
25 and 100 pm in diameter for LDPE crystals and PP crystals, respectively. However, the crystal sizes
of HDPE are much smaller than those of PP and LDPE as can be observed in Figure 4.
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(a) PP (b) LDPE (c) HDPE

Figure 4. Polarizing optical microscopy of (a) LDPE after isothermal crystallization at 100 °C for
20 min, and (b) PP after isothermal crystallization at 125 °C for 20 min and (c) HDPE after isothermal
crystallization at 124 °C.

In this study, each blend was crystallized isothermally at 125 °C, where PP could crystallize. Figure 5
shows the nucleation and growth process of PP/LDPE blends during the isothermal crystallization at
125 °C from 4 to 20 min. The spherulites of PP in blends were not as sharp as in the virgin PP, but they
could still be readily distinguished. During crystallization, the PP in the blend crystallizes at almost
the same rate as pure PP. A larger LDPE content resulted in a reduction of the average spherulite size
of PP. Possibly, PP should be somewhat soluble in the melted LDPE, which seems to be consuming the
remaining PP dissolved in the matrix, preventing bridging growth [29]. This can also be concluded
from the shifting of T, of PP to a lower temperature with more substantial LDPE contents.

i,

25wt LDPE 50wt% LDPE 75wt LDPE

Figure 5. Polarizing optical microscopy of the nucleation and growth process of PP/LDPE blends
containing 25 wt % LDPE, 50 wt % LDPE and 75 wt % LDPE during isothermal crystallization at 125 °C.
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The crystallization rate of PP was found to be slightly slower at larger LDPE contents. As can
be seen from Figure 5 at 4 min, the PP spherulite in the 75 wt % LDPE blend developed slower than
that of PP spherulites in the 50 wt % LDPE and 75 wt % LDPE blends, respectively. Even though
the PP crystals in the blend of 25 wt % LDPE nucleated faster than that of the blend with 50 wt %
LDPE, it should be noted that once the PP crystals in the blend of 50 wt % LDPE were nucleated,
they grew faster. This can be seen at 8 min. Some crystals nucleated at a much lower rate and then
grew faster afterward.

In contrast, the opposite effects are found for PP/HDPE blends. The larger the HDPE contents, the
faster the crystallization rate as can be seen in Figure 6. Since the crystallization temperatures of PP
and HDPE overlap, both PP and HDPE could crystallize, increasing the crystallization rate. The overall
crystallization rates are accelerated as the higher HDPE contents are loading.

Slipm Slpm Sl

Hpm

25wt% HDPE 50wt HDPE T5wt% HDPE

Figure 6. Polarizing optical microscopy of the nucleation and growth process of PP/HDPE blends
containing 25 wt % HDPE, 50 wt % HDPE and 75 wt % HDPE during isothermal crystallization at
125 °C.

4.4. Crystallization Kinetics

Figure 7a shows the crystallization behaviors, and Figure 7b shows the comparison of crystalline
fraction development in PP/LDPE and PP/HDPE at the same concentration of LDPE and HDPE
(25 wt %), respectively. The solid line represents the crystalline fraction of pure PP at the same
isothermal crystallization process.
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Figure 7. (a) Differential scanning calorimetry (DSC) crystallization curves and (b) reduced crystallinity
obtained at 125 °C for PP (solid line), PP/LDPE containing 25 wt % of LDPE (dash line) and PP/HDPE
blends containing 25 wt % of HDPE (dot line).

Based on the Avrami equation, the values of the Avrami exponent, 1, varied slightly but they were
all close to 2, indicating that the crystallization process was heterogeneous and took place within two
dimensions. The growth of spherulites was confined in two dimensions although initial nucleation
and crystallization may take place in three dimensions because the specimens were 10 pm in thickness
and were sandwiched between glass slides and coverslips. The most dramatic increase in the Avrami
index, 1, can be obtained by increasing the LDPE content since the morphology can also be significantly
altered by confinement effects or interference from the LDPE melt. The growing PP spherulites may
occlude the droplets of LDPE. Theoretically, the difference in interfacial energy decides whether the
droplets of LDPE were engulfed or rejected by the growing PP spherulites [28]. The crystallization
kinetic parameters of all blends are shown in Table 1.
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Table 1. Avrami index (1), overall crystallization rate constant (k), and crystallization half-time obtained
during isothermal crystallization of PP, LDPE, HDPE and their blend at isothermal crystallization
temperatures (125 °C) at the cooling rate of 25 K/min.

. MEFR Half-Time, £/, n k
Materials [g/10 min] minl 0 [min-l]
PP (0 wt % LDPE) 0.66 3.24 242 02655
PP/LDPE (25 wt % LDPE) 071 458 273 0.1908
PP/LDPE (50 wt % LDPE) 0.89 468 265 01862
PP/LDPE (75 wt % LDPE) 091 N/A NA  NA
LDPE (100 wt % LDPE) 0.72 N/A NA  NA
PP/HDPE (25 wt % HDPE) 045 273 236 03143
PP/HDPE (50 wt % HDPE) 032 227 254 0.3808
PP/HDPE (75 wt % HDPE) 023 N/A NA  NA
HDPE (100 wt % HDPE) 0.5 N/A NA  NA

From the crystallization behavior studies, which include the kinetics of crystallization as well as
the crystal morphology from the optical microscope, we found that the overall crystallization rate of
PP was sharply reduced by the addition of LDPE, the more branched structure. However, the opposite
results were found for the case of linear chain HDPE. Consequently, the branched-chain structure
seems to affect the nuclei density. However, from this study, it can be said that both nucleation and
diffusion processes controlled the overall crystallization rate.

The MFR seems to affect the crystallization haft-time, as shown in Table 1. The addition of LDPE
and HDPE into PP showed different effects on the MFR of the blends. The MFR of PP/HDPE blends
decreased with increasing the HDPE content, and all blend compositions have the MFR within the
limits of the pure components; PP and HDPE. Surprisingly, the MFR of PP/LDPE increased with
increasing LDPE loading, which is even higher than the MFR of the pure components; LDPE and PP. It
is possible that LDPE acts as a plasticizer for the PP molecules and enhances the mobility and diffusion
of PP in the blends.

4.5. Effect of Recycling Process

Due to the large differences in structure and behavior, for recycled materials, the results presented
in this study will be limited to PP, LDPE and their blends. Some results of PP/HDPE blends will be
shown to confirm the applicability of methods or results where appropriate. Thus, the manufacturing
scraps of recycled LDPE (Bapolene®1072) and regrind PP (Inspire ®6025N), which will be called as
LDPE1 and PP1 were selected as representatives.

Figure 8 shows the comparison of isothermal crystallization behavior of virgin material (vPP1,
solid line) and recycled material (rPP1, dash line) at 139 °C. It is seen that the crystallization behavior
of recycled PP deviates from that of the virgin material. The broader shape indicates that rPP1 needs
more time to crystallize and that the crystal geometry could be different.
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Figure 8. Crystallization curves obtained at 139 °C for virgin material (vPP1), and recycled material
(rPP1).

Figure 9 shows the isothermal crystallization curves for vPP1, and vPP1/vLDPE1 blends at 139 °C,
a temperature at which the only vPP1 can crystallize. These results imply a delay in the crystallization
and the imperfection of the crystal formation in the recycled blends.
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Figure 9. Crystallinity obtained at 139 °C for virgin material (vPP1/vLDPE1) and recycled material
(rPP1/rLDPE1) blends containing 25 wt % of vLDPE1 and rLDPEI], respectively.

The effect of recycling process on the crystallization behavior of PP/LDPE blends is shown in
Figure 9. The recycled blend (dash line) shows a higher rate of crystallization compared to that of
the virgin blend (solid line), which may be caused by the shorter polymeric chain resulting from the
degradation during the recycling process [14]. Furthermore, the recycling process affects the shape
of the crystals (rPP1), which become more spherical. The smaller the value of k and the higher the
half-time value, the slower is the rate of crystallization.

It can be seen that the recycling process resulted in the broader of the crystallization peak.
Moreover, the nucleation of rPP1 is much slower than that of vPP1, as reported in Table 2. Furthermore,
a significant decrease in M, of virgin PP1 (vPP1) from 481,000 to 354,150 g/mol for recycled PP1 (xPP1)
was observed. Recycled PP1 (rPP1) is the regrind material received out of the production stream,
resulting from the dilution of 70% recyclate with 30% virgin material. Thus, the properties can be
influenced by highly degraded fractions, which have shorter polymer chains than the virgin material.
The shorter chains have a lower molecular weight and thus, affect the mechanical performance of the
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material. The observed lowering in the molecular weight (M) indicates that chain scission occurred
during the recycling process. The lower polydispersity index shows that the chain scission was mostly
affecting the longest chains, while the lower limit was not affected. Thus, the molecular chain of rPP1 is
shorter, and the molecular weight distribution is narrower, leading to the smaller k value and lowering
the crystallization rate as shown in the increasing of the crystallization half-time.

Table 2. Weight average molecular weight (M), molecular weight distribution (My/Mn) and kinetic
parameters for the isothermal crystallization of vPP1 and rPP1 at 139 °C at the cooling rate of 25 K/min.

Crystallization Half-Time,

. MEFR M k
Materials . w My,/My Temperature ti -
[g/10min] [g/mol] [°C] [min] [ [min—1]
vPP1 2.76 414,933 3.15 139 1.52 1.93 0.5436
rPP1 6.10 333,467 2.46 139 2.21 2.24 0.3844

From the crystallization behavior studies, which include the kinetics of crystallization as well as the
crystal morphology from the optical microscope, it is clearly shown that the overall crystallization rate
of PP was strongly reduced by the addition of LDPE for both the high-viscosity system (PP/LDPE and
PP/HDPE) and low-viscosity system (vPP1/vLDPE1). Furthermore, consistent behavior was observed
in the blend system of recycled material (rPP1/rLDPE1). It can be concluded that the reduction in the
overall rate is attributed to a decrease in the nucleation density. The decrease in nucleation density
was found predominantly caused by the nuclei migration from PP to PE, which was in turn caused by
an interfacial energy difference [19].

In general, polymer degradation during processing operations can cause changes in molecular
weight and molecular weight distribution in polymers. The MFI indicates changes in molecular weight
but is rather insensitive to changes in molecular parameters such as molecular weight distribution.
In the case of viscosity, the sensitivity to molecular weight distribution changes is seen in the very
low and very high shear rate ranges. MFI has been used to estimate the extent of thermal and shear
degradation of polymeric material as it can be readily measured on a simple and inexpensive melt
flow indexer. The recycled blend shows a higher MFI at the blend composition of less than 50 wt % of
LDPE while the lower MFI can be observed at the high LDPE contents (>50 wt %). Therefore, it can be
concluded that at small LDPE contents, the MFI of the matrix PP dominates the change in MFI of the
blend. Vise Versa, at higher LDPE content, when the LDPE presents the matrix, the MFI of the blends
are indeed governed by LDPE. The low-viscosity materials (high MFI) show a faster crystallization
rate as well as shorter crystallization half-time compared to the high-viscosity materials.

4.6. Mechanical Properties

Figure 10a presents the stress-strain curves for PP, LDPE and their blends at different compositions.
The tensile stress-strain curves are dependent on their composition. As expected, the elongation of PP
was improved by adding the more ductile LDPE. The larger the content of LDPE, the higher is the
strain at break. The same behaviors were observed for the PP/HDPE blends as shown in Figure 10b.
The tensile strength, Young’s modulus and maximum tensile stress for such PP/LDPE and PP/HDPE
blends are depicted in Figure 10c—e, respectively. It can be seen that Young’s modulus and the tensile
strength of PP/LDPE and PP/HDPE blends followed the same trends. However, a distinct improvement
in Young’s modulus and tensile strength were found in PP/HDPE blend with 25 wt % of HDPE. One
reason could be attributed to the co-crystallization of PP and HDPE (exhibit one crystallization peak),
and the higher degree of crystallinity, which again results in an increased modulus.
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Figure 10. Tensile properties: (a) stress-strain curves of PP, LDPE and their blends at different
compositions (ug = 500 mm/min), (b) stress-strain curves of PP, HDPE and their blends at different
compositions (up = 500 mm/min), (c) tensile stress, (d) Young’s modulus and (e) tensile strain at
maximum stress for PP/LDPE (dash line) and PP/HDPE (solid line) as a function of blend composition.

Figure 11 shows the tensile properties of the blends prepared from virgin materials (vPP1/vLDPE1),
and recycled materials (rPP1/rLDPE1), respectively. The tensile properties of rPP1 show only a slight
change compared to those of virgin material (vPP1/vLDPE1). These results indicate the potential for
recycling the PP/LDPE blend with consistent mechanical performances.
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Figure 11. Tensile stress [MPa], Young’s modulus [MPa] and tensile strain [%] for vPP1/vLDPE1 and
rPP1/rLDPE1 as a function of blend composition.

4.7. Blend Morphology

Figure 12 presents the SEM micrographs for the low-viscosity blend (rPP1/rLDPE1, MFI ratio =
10) in comparison with the high-viscosity blend (PP/LDPE, MFI ratio = 1) of 75 wt % LDPE. It is seen
that the polymer pairs with different viscosities and MFI ratios, in which related to the different chain
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structures and degree of entanglement, developed different phase morphologies. The rPP1/rLDPE1
blend shows a droplet structure, small holes as well as droplets of material being dispersed in the matrix.
However, sharp borders at the dispersed phase sites and no evidence of PP-LDPE interpenetration are
observed. Since rLDPE1 has a much lower viscosity than rPP1 in this blend, holes and droplets may be
attributed to LDPE particles, which are entirely surrounded by PP. The lack of interfacial adhesion
between PP and LDPE phases leads to the decreasing in mechanical strength of the blend as presented
in Figures 10 and 11.

EHT = 5.00 k\V/ Signal A = InLens Date -10 Nov 2016 EHT = 5.00 kV Signal A = InLens Date :10 Nov 2016
WD= 33mm Photo No. = 570 Time :11:36:48 '_' WD = 42mm Photo No. = 588 Time :12:07:41
- — — A - - . ,

Figure 12. SEM images for vPP1/vLDPEL1 (left) and PP/LDPE (right) at 25 wt % of LDPE composition,
sulfuric etching at 80 °C for 2 h.

Polymer pairs and blend composition affect the results of the short-term tensile test. The higher
maximum tensile stress of PP can be explained by the short rigid methyl group, which is attached to
every second carbon atom of the polymer backbone. The methyl group restricts rotation of the chain,
which results in a higher degree of crystallinity while producing a stronger and less flexible material.
Thus, already a small content of this brittle material decreases the ability of elongation significantly,
which is shown by the considerable drop of maximum tensile strain between 0 and 25 wt % LDPE.
Such behavior can be also observed all blends.

The PP/LDPE in this study shows extremely improved tensile properties at 75 wt % LDPE content,
which imply partial miscibility or partial compatibility of the blend. Similar behavior is also observed
in PP/HDPE blend. Incorporating with the crystal structure results, it could be said that the PP/PEs
blends showed a dynamic incompatible behavior that has been attributed to the different crystalline
structures of the two components, PP and PEs. Even though it took longer time to crystallize, blends
with 25 wt % of LDPE and HDPE crystallized with the large size of crystals. This could be causing a
heterogeneous structure with weak interconnections, leading to modest maximum tensile strain values.
As the LDPE and HDPE content increase, the blends getting crystallized into aggregates of smaller
sizes in which well interconnections between the crystals, leading to the tensile strain enhancement.
The PP/PEs blends with a high level of compatibility are expected to offer advantages for a wide range
of applications, including the applications of the individual polymers.

5. Conclusions

The crystallization behavior studies, which include the kinetics of crystallization as well as the
crystal morphology from the optical microscope, clearly showed that the addition of long branches
LDPE strongly reduced the overall crystallization rate of PP. The reduction in the overall rate is mainly
attributed to a decrease in the nucleation density. The decrease in nucleation density was found
predominantly caused by the nuclei migration from PP to LDPE. Accordingly, the imperfection of
PP crystals in the blends resulted from LDPE droplets engulfed in the PP spherulites, which can
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also be observed from the shifting of T of PP to a lower temperature with larger LDPE contents.
The crystallization rate of PP was found to be slightly slower at larger LDPE contents. Even though the
PP crystals in the blend with 25 wt % LDPE nucleated faster than that of the blend with 50 wt % LDPE,
it should be noted that once the PP crystals in the blend of 50 wt % LDPE were nucleated, they grew
faster. This can be seen in the optical microscopic images for the isothermal crystallization at 8 min as
well as the overall crystallization rate, which is represented in the form of reduced crystallinity versus
time. Some crystals nucleated at a much lower rate and then grew faster afterward. However, in the
case of PP/HDPE blend in which the crystallization temperatures overlap, resulting in an increase
of the crystallization rate. Moreover, the more LDPE and HDPE contents, the smaller crystal sizes
propagated in the blends. The Avrami coefficient, n1, depends on the shape of the crystal: spherical
(n = 3); disk-shaped (n = 2); rod-shaped (1 = 1). This study shows that the shape of the crystal and the
crystallization rates seemed to affect the tensile properties of the blends. These results are observed for
the blends of PP and HDPE (short branched structure). The PP/HDPE blend with 75 wt % HDPE, which
n =1.69 and had a prolonged crystallization rate, showed a significantly improved on the elongation
property. Accordingly, the slower crystallization rate resulted in the tensile properties improvement.

The mechanical properties are in good agreement with the crystallization study and show that
PP/LDPE with 75 wt % LDPE and PP/HDPE with 75 wt % HDPE are partially compatible. Particularly
the elongation at maximum strain is considerably improved while the tensile stress at break and
Young’s modulus are not lower than expected. Thus, the recycled PP/PEs blends can be expected
to be able to serve in a wide range of application. This is depending on the degree of miscibility or
compatibility, which is related to the desired properties of the products as well as the processability of
the materials. According to this study, the properties of recycled PP/PE blend (rPP1/rLDPE1) remains
unchanged until the composition of r(LDPE1 reach 25 wt %, which means that rPP1/rLDPE1 can be used
similarly as the pure recycled PP. For example, the recycled blends could be used again in injection
molded or blow-molded applications to make bottles or containers. Furthermore, the outdoor decking,
fencing and picnic tables can be manufactured from the recycled PP/PEs blends as well as pipe, films
or sack bags.
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Additive manufacturing, the so-called three-dimensional (3D) printing, is a revolutionary emerging technology. Fused filament
fabrication (FFF) is the most used 3D printing technology in which the melted filament is extruded through the nozzle and builds
up layer by layer onto the build platform. The layers are then fused together and solidified into final parts. Graphene-based
materials have been positively incorporated into polymers for innovative applications, such as for the mechanical, thermal, and
electrical enhancement. However, to reach optimum properties, the graphene fillers are necessary to be well dispersed in polymers
matrix. This study aims to emphasise the interest of producing ABS/graphene oxide (GO) composites for 3D printing application.
The ABS/GO composite filaments were produced using dry mixing and solvent mixing methods before further melt extruded to
investigate the proper way to disperse GO into ABS matrix. The ABS/GO composite filament with 2 wt.% of GO, prepared from
the solvent mixing method, was successfully printed into a 3D model. By adding GO, the tensile strength and Young’s modulus of
ABS can be enhanced. However, the ABS/GO composite filament that was prepared via the dry mixing method failed to print. This

could be attributed to the aggregation of GO, leading to the die clogging and failure of the printing process.

1. Introduction

Numerous 3D printing technologies are now accessible, such
as stereolithography apparatus (SLA), selective laser sin-
tering (SLS), laminated object manufacturing (LOM), and
fused filament fabrication (FFF). The FFF is considered to be
the most commonly used and well-recognized technology
for making functional prototypes. In the FFF technique,
a thermoplastic filament is melted and extruded through the
nozzle, building up layer by layer onto the platform or build
plate. The layers are then fused together and solidified into
final products. Consequently, the quality of the printed parts
can be controlled by adjusting the printing parameters, such
as layer height, printing temperature, printing speed, and
printing orientation [1-6]. 3D printed polymers are used in
various areas, for example, in automotive, architectural, and
even in medical fields. Due to the relatively simple design,
capability, and affordability of the FFF process, it has gained

significant attention in both industry and academic research
[5]. However, the usable materials are limited to thermo-
plastic polymers with appropriate melt viscosity. As a result,
the melt viscosity should be adequate to allow extrusion, at
the same time, suitable to provide structural supports [4, 6].
Even though the 3D printing technologies have attracted
much attention over the past years, most of the published
studies focused on the printing of pure polymer materials.
The 3D printed polymer products are now used as con-
ceptual prototypes rather than functional components be-
cause of their shortage in strength and limited functionality.
Thus, there are recently extensive studies on developing
printable polymer composites with improving the perfor-
mance and gaining excellent functionalities [7-9]. For ex-
ample, Bandyopadhyay et al. [2] used the FFF technique to
fabricate the polymer/ceramic composites with controlled
phase structures, which are not possible with the conven-
tional fabrication techniques.
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Polymer/nanofiller composites have been considerably
investigated due to their broad applications. However, they
have many drawbacks regarding the agglomeration or
nonuniform dispersion of reinforcements or fillers. Also, the
voids generated during the composite filaments fabrication
can lead to the properties’ defection. In general, the addition
of nanofillers results in enhancing the mechanical, electrical,
thermal, and optical properties of the matrix. Likewise, GO
delivers relatively high mechanical strength, thermal con-
ductivity, and electrical properties [8, 10, 11]. If the GO
sheets are well dispersed in the polymer matrix, they can
form a highly oriented microstructure or cocontinuous
networks in the polymer, resulting in the mechanical,
thermal, and electrical properties improvement [12].
Graphene-based composite is still challenged due to its poor
dispersity, which may be caused by various reasons such as
restacking of the GO, weak interfacial bonding, and in-
compatibility with polymer matrix [10, 13]. Pinto et al. [10]
incorporated a small amount (0.2 to 1wt.%) of graphene
oxide (GO) and graphene nanoplatelets (GNP) into poly
(lactic acid), PLA, to produce composite films with im-
proved mechanical performance and oxygen and nitrogen
permeability. Wang et al. [14] reported that the tensile
strength of the PVA/GO composite nanofibers increased by
42 times with addition of only a slight loading of GO
(0.02 wt.%). Lin et al. [15] fabricated polyethylene/graphene
oxide nanocomposites by the melt blending technique using
polyethylene-grafted graphene oxide as a compatibilizer.
Even though a relatively good dispersion of graphene oxide
in the polyethylene matrix was evidenced, the improvement
of mechanical properties was still limited. The resulted
graphene-based composites can be suitable for various ap-
plications such as architectural applications like patio roofs,
windows, and trim [16].

There are three typical methods for graphene-based
polymer composite fabrication methods, including in situ
polymerization, melt compounding, and solvent blending.
The critical challenge for efficiently reinforcing the
graphene-based polymer composite is the good dispersion of
graphene fillers, which is significantly influenced by the
fabrication techniques. Even though many reports stated
that the melt extrusion or melt-compounding process is the
most typically used methods, the GO cannot be homoge-
neously dispersed in the polymer matrix. Due to the high
surface area of GO, it is tough for the molten polymer to
cover the two sides of the fragile GO sheets effectively. As
a result, the stack or agglomeration of GO sheets can be
observed [10, 11].

Zhang et al. [17] fabricated the flexible circuits based on
reduced GO (r-GO) using the FFF 3D printing technique.
They reported that the orientation of r-GO occurred during
the extrusion process contributed to enhancing the con-
ductivity of the 3D printed composite parts. Moreover, Dul
et al. [18] successfully prepared the ABS/GNP composite for
the FFF process using the melt compounding method. The
presence of GNP led to the reduction in the coefficient of
thermal dilation and improved the stability under long-
lasting loads for the 3D printed parts. However, it has
been spotted that the polymer/graphene-based material

Advances in Materials Science and Engineering

composites prepared via the solution mixing method pro-
vided better electrical properties than those fabricated by
melt extrusion due to the better dispersion of graphene-
based materials in polymer solution [16, 19].

Acrylonitrile butadiene styrene (ABS) is one of the most
used materials in the FFF process [20]. The relatively low glass
transition temperature (7T,) and excellent processing prop-
erties of ABS led to the ease of filament extrusion and 3D
printing. Moreover, it is an amorphous polymer, which
means there is no crystallite. Accordingly, the shrinkage ratio
during the cooling process is small, offering the high printing
accuracy and the dimensional constancy. All of the charac-
teristics stated above make ABS as an outstanding material for
FFF 3D printing. Incorporation of graphene-based materials
will potentially enlarge the applications and functionalities of
the 3D printed ABS, in particular, some practical applications
such as auto parts, conceptual prototypes, and jigs. However,
the use of ABS/graphene-based composites in 3D printing
application is still rarely demonstrated. Wei et al. [13] suc-
cessfully demonstrated one of the first attempts to 3D print
ABS/graphene composites using solution-based process.
However, there was no report regarding the property in-
vestigation for such 3D printed composites.

To produce a good-quality filament for the FFF process,
critical melt extrusion process parameters need to be ex-
amined. This study aims to accomplish good-quality com-
posite filament from ABS/GO composites. The ABS/GO
composites are prepared via solution mixing and dry mixing
methods, followed by melt extrusion to achieve the good GO
dispersion. The processability of ABS/GO composites is
further investigated in terms of thermal properties and
rheological properties. Also, 3D objects are printed to ex-
plore the printability of the prepared ABS/GO filament.

2. Materials and Methods

2.1. Preparation of Graphene Oxide (GO). The GO was
prepared using Hummers™ method. Concentrated H,SO,
was added to a mixture of graphite flakes (1 wt.% equiv.) and
NaNOj; (0.5wt.% equiv.). Then, the mixture was cooled to
0°C, and KMnO, (3wt.% equiv.) was added slowly in
portions to keep the reaction temperature below 20°C. After
that, the reaction was warmed to 35°C and stirred for 30
minutes, at which time water was added slowly to produce
a sizable exothermic reaction to 98°C. The external heating
was also introduced to maintain the reaction temperature at
98°C for 15 minutes. Then the heat was removed, and the
reaction was cooled down in a water bath for 10 minutes.
From this step, additional water (420 ml) and 30% H,O,
(3 ml) were added, and then the mixture was cooled down to
room temperature, followed by multiple washing, and dis-
persed in water.

2.2. Preparation of ABS/GO Composite. 'The dispersed GO in
water was washed and replaced by DMF to obtain a ho-
mogeneous GO/DMF dispersion with 2 wt.% of GO in DMF.
The ABS was then dissolved in DMF to get 10 wt.% of ABS in
DMEF. Then, the GO/DMF dispersion and ABS/DMF so-
lution were mixed and sonicated for 2 hours. The mixture
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was then dried to obtain ABS/GO composite with 20 wt.%
GO.

2.3. Preparation of ABS/GO Composite Filament

2.3.1. Solution Mixing. In this method, the ABS gets dis-
solved, and the GO is dispersed in DMF. Then, the dispersed
GO and ABS solution is mixed. The ABS/GO composite is
obtained after solvent evaporation, which further combined
with pure ABS and extruded to produce ABS/GO filament
for FFF 3D printing.

2.3.2. Dry Mixing. ABS is mixed mechanically with GO
powder and then is melt compounded using the twin-screw
extruder to avoid the use of the solvent system. This method
is widely used for preparing thermoplastic nanocomposite.

For the filament extrusion process, the ABS/GO com-
posite with 20 wt.% of GO content was diluted to 4 wt.% of
GO by mixing with the neat ABS granules. The mixture was
then melted and extruded using the twin-screw extruder.
The extrusion temperatures ranged from 160°C to 210°C
from the hopper to the die. Thus, the 1.75mm diameter
filament was produced and collected for the 3D printing test.
Figure 1 demonstrates the equipment setup for preparing the
ABS/GO filament by the melt extrusion process.

2.4. Fabrication of 3D Printed Parts. An open source 3D
printer, WANHAO Duplicator 6, was used to fabricate the
3D specimens. A tensile test specimen was designed using
CAD software based on ASTM D638-10 [21]. The FFF
printing parameters were optimized and are listed in Table 1.
It is noted that the same printing parameters were used for
both pure ABS and ABS/GO composite filaments.

2.5. Characterization

2.5.1. X-Ray Diffraction (XRD) Analysis. The X-ray dif-
fraction (XRD) of graphene-based materials was performed
using an X-ray diffractometer (Bruker AXS Model D8 Dis-
cover). All samples were scanned over the range 20 = 2—50°,
and measurements were recorded at every 0.02° interval.

2.5.2. Differential Scanning Calorimetry (DSC). The mea-
surements were carried out using a Netzsch DSC 3500 Sirius,
under the nitrogen atmosphere. The samples were heated
from room temperature to 250°C. After an isothermal step
for 2 minutes, the samples were cooled down to 30°C and
finally heated up to 250°C after another isothermal step for
2min. A scanning temperature ramp of 10 K/min was used
for all dynamic steps.

2.5.3. Thermogravimetric Analysis (TGA). The measure-
ments were carried out using a Netzsch STA 2500. The
samples were heated from room temperature to 600°C,
under the nitrogen atmosphere. A scanning temperature
ramp of 10 K/min was used for the dynamic steps.
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FIGURE 1: Melt extrusion process setup for ABS/GO composite
filament fabrication.

TaBLE 1: Parameters used for the FFF 3D printing of ABS and
ABS/GO composites.

Parameters Value
Print nozzle diameter (mm) 0.4
Nozzle temperature (°C) 220
Bed temperature (°C) 100
Layer height (mm) 0.1
Print infill (%) 100
Print speed (mm/s) 20

2.5.4. Melt Flow Rate. The melt flow rate (MFR) is a com-
mon rheological measurement in which the molten polymer
is pushed through a capillary die under a specific load, and
the mass of extruded polymer is measured and reported in
the unit of the extruded mass/10 minutes. The MFR mea-
surements were carried out according to ASTM D1238
standard (Procedure A), at a temperature range of 220-
240°C with an applied load of 2.16 kg [22].

A pseudo-MFR measurement was performed using the
FFF 3D printer with the nozzle diameter of 0.4 mm in order
to determine the proper printing temperature. The extruded
material through the nozzle in a 30-second time frame was
weighed as a function of temperature.

2.5.5. Rheology Test. The linear viscoelasticity responses of
the materials were measured using a parallel plate rheometer
(ARES G2000). A frequency sweep between 0.0628 and
628 rad/s was performed at a temperature of 210°C. Based on
the result of the strain sweep test, a constant strain was fixed
as 5% where the linear viscoelastic behavior maintained.
Also, the steady shear measurements were conducted at
220°C, from the shear rate range of 0.01 to 10005~ . The two
parallel plates were set up at 1 mm gap for all measurements.

2.5.6. Tensile Test. To study the mechanical properties, the
tensile test specimens were printed based on ASTM D638
Type-V geometry [23]. The crosshead speed was set as
5 mm/min. Ultimate tensile strength, Young’s modulus, and
elongation at break were evaluated as an average value of at
least three replicates.
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FiGure 2: XRD diagram of graphite, graphene, and graphene oxide
(GO).

3. Results and Discussion

Recently graphene/polymer composite has been fabricated
by introducing graphene flakes into a conventional polymer
that can be used for FFF printing applications. However, the
apparent graphene aggregation and the phase separation
between graphene and polymer matrixes are significant
problems. In this work, graphene oxide (GO) was used to
improve the graphene’s dispersion in the ABS matrix.

3.1. X-Ray Diffraction (XRD) Analysis. In this study, GO was
obtained by the oxidation of graphite regarding Hummers’
method. Figure 2 shows the XRD patterns of the graphite,
graphene, and obtained GO.

According to Bragg’s law (nd = 2d sin 0), the value of D
spacing depended on the 6 value. The diffraction peak of
graphite was observed at 26 = 36.7° with D spacing around
0.11 nm. The diffraction peak for graphene was shifted to 26
=25 with D spacing around 0.35 nm as compared to those of
graphite, while the GO revealed the diffraction peak at 20 =
12.9° with D spacing of 0.67 nm. The shifts of the diffraction
peak and the increase of the D spacing value attributed to the
oxygen functional group between planes of GO sheets. The
interactions of the oxygen functional group between GO
interlayers led to an increase in the D spacing value, while
the 6 value decreased. In other words, in the absence of the
oxygen functional group, the 0 value increases, while the D
spacing value decreases.

3.2. Thermal Properties. Figure 3 shows the representative
DSC curves of ABS, ABS/GO (dry mixing), and ABS/GO
(solvent mixing) composite filaments. In general, the vari-
ation in the melting temperature (7T;,) indicated the change
in crystal structures of material. T,,, of nanocomposites could
be changed upon filler loading. ABS has no exact melting
point because of its amorphous characteristic. However, no
significant difference between T, of the neat ABS filament
and the ABS/GO composite filaments from both dry mixing
and solvent mixing methods was found. The glass transition
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FIGURE 3: Melting temperature of the ABS filament, ABS/GO
(solvent mixing), and ABS/GO (dry mixing) composite filaments
from the DSC second heating scan.
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FIGURE 4: TGA thermogram of the ABS filament, ABS/GO (solvent
mixing), and ABS/GO (dry mixing) composite filaments.

temperatures (T;) were observed at 105.72°C, 104.77°C, and
105.69°C for ABS, ABS/GO (dry mixing), and ABS/GO
(solvent mixing) filaments, respectively. The maintained
T, subsequently revealed the thermal stability of the
ABS/GO composite even though the composite experienced
the solvent system before the extrusion process. Further-
more, the ABS/GO composite could be softened and pos-
sibly 3D printed using the same temperature setup used for

the pure and conventional ABS filaments.

3.3. Thermal Stability. To explore the effect of GO on
thermal stability of the ABS and ABS/GO composite fila-
ments, thermal gravimetric analysis (TGA) was conducted.
Figure 4 shows the TGA thermogram of neat ABS and
ABS/GO composite (2wt.% GO) filaments. All materials
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FiGUure 5: SEM images of (a) ABS, (b) ABS/GO (dry mixing), and (c) ABS/GO (solvent mixing) composite filaments.

started to decompose at the temperature around 400°C,
which was higher than the typical temperature for 3D
printing the conventional ABS filament (220-240°C). At
240°C, the highest temperature used for the 3D printing the
conventional ABS filament, the ABS/GO (solvent mixing)
showed a more mass drop (~3%) as compared to the pure
ABS (~1.3%) and ABS/GO (dry mixing). These results
could be due to the volatile compounds and the solvent
molecules that might still be trapped in the composite
filaments.

3.4. Morphology. The alternative performance of graphene-
based nanofiller-reinforced composites depends on the
dispersion and distribution of graphene-based materials in
the polymer matrix and the interfacial bonding between
these two phases [16]. The microstructures of the cryo-
fractured sections of ABS, ABS/GO (dry mixing), and
ABS/GO (solvent mixing) on cross section are shown in
Figure 5. Pure ABS showed a denser microstructure, while
ABS/GO demonstrated a higher-porous surface with the
presence of dispersed GO flakes embedded in the ABS
matrix.

For ABS/GO, GO flakes with the dimensions around
10 um were noticed for the ABS/GO (dry mixing), while they
ranged from 1-3 ym for the ABS/GO (solvent mixing). The
smaller size and the more uniform distribution of GO were
the critical keys for enhancing the mechanical behavior and
for the thermal diffusivity of the composite.

3.5. Flowability. The flowability of the ABS/GO composite
was investigated via the melt flow rate (MFR) measurement.
The MFR represented the flowability of the material and was
inversely proportional to its viscosity. It could be used to
evaluate how the presence of GO affected the processability
of the ABS/GO composite. As shown in Figure 6, the MFR
values of both ABS and ABS/GO composite filaments in-
creased with the temperatures, which meant the materials
flew easier upon the temperature increased. The MFR values
of the ABS/GO were lower than those of the pure ABS
filament at all measured temperatures, which might be at-
tributed to the solid GO flakes that restricted the mobility
and disturbed the flowability of the ABS chains.
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Figure 6: Melt flow rate (MFR) of the ABS filament and the
ABS/GO composite filament dependent on temperature (220-
240°C). Black color represents the results from the conventional
MRF measurement, and red represents the results from the
pseudo-MFR measurement using the 3D printer.
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For FFF 3D printing processes, knowing the extrusion
temperatures and flowability of the printed materials led to
the more accuracy and precision of the printing process. The
MFR information can be used as a guideline for setting up
the printing parameters [24]. In this study, a pseudo-MFR
measurement was conducted by measuring the extruded
mass of the filaments through the printer nozzle. The pure
ABS and ABS/GO filaments displayed clear plateau values at
all temperatures (Figure 6). As a result, the edge of the
plateau reflected the lower bound of acceptable temperature
for the corresponded extrusion rate. Theoretically, below
this temperature, the mass of polymer extruded cannot be
accurately achieved at the given feed rate.

On the contrary, extruding at a higher temperature than
the lower bound is undesirable since it would lead to slower
solidification of the extruded bead on the printed part. It was
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F1Gure 10: Complex viscosity versus the angular frequency for the
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found that the ABS/GO composite filament exhibited the
similar behavior as compared to the pure ABS. Thus,
ABS/GO could be printed using the same temperature range
(220-240°C) used for the pure or conventional ABS
filaments.

3.6. Rheological Properties. The average shear rate in typical
twin-screw extrusion ranges between 1 and 1,000 s
[25, 26]. For the FFF 3D printer, the shear rates in the
nozzle are commonly in the range of 0.1-200s " [27].
Figure 7 shows the shear rate dependence of viscosity for
ABS and ABS/GO at 220°C. At the shear rate of 0.1to 15",
ABS and ABS/GO filaments showed almost similar vis-
cosity values, which confirmed that ABS/GO could be 3D
printed with the same temperature setup for pure ABS.
Incorporating with the MFR results, it was concluded that
ABS/GO and pure ABS could be 3D printed using the
same printing parameters (nozzle temperature and print
speed).

Interfacial interaction between GO and ABS is a crucial
role for enhancing the mechanical performance of the
composite. Generally, the opposition between particle-
particle interaction and particle-polymer interaction can
be used to determine the particle dispersion or aggregation
in nanocomposites. Thus, rheological behavior becomes
a useful tool to evaluate the dispersion and distribution of
the GO in ABS. Because the rheological behaviors deliver
the relation between molecular structure and mesoscale
properties (such as phase structure and filler dispersion), at
the same time, providing the processing properties [28, 29].
From the dynamic frequency sweep measurements, it was

noticed that the rheological behaviors of ABS and ABS/GO
were almost similar as shown in Figures 8-10, respectively.

Figure 9 presents the storage and loss moduli of ABS and
ABS/GO filaments. Only a small deviation of the G’ and G”
values was observed between ABS and ABS/GO filaments.
Even though the increase in complex viscosities at low
frequencies due to the effect of GO fillers was found, the
complex viscosities of ABS and ABS/GO filament remained
almost the same values at higher rates as shown in Figure 10.
This is again confirmed that the GO loading did not affect
the viscosity or flowability of the ABS.

Furthermore, we created the G'-G” plot for predicting
the dispersion of GO in ABS as presented in Figure 11. The
G'-G" patterns of pure ABS and ABS/GO were close to-
gether, suggested the well distribution of GO in the
composite.

3.7. FFF 3D Printability. Figures 12 and 13 present the
WANHAO Duplicator 6, the 3D printer based on the FFF
principle, and the printed ABS/GO tensile specimens, re-
spectively. With the same printing conditions used for pure
ABS, the ABS/GO composite has been successfully printed.
However, the clogged nozzle was sometimes observed,
which further led to the print failure (Figure 13(a)).

3.9. Mechanical Properties. The tensile properties at the
room temperature of ABS and ABS/GO were investigated
and presented in Figure 14. From the typical stress-strain
tensile curves and corresponding statistical data, the elonga-
tion at the break value decreased with the GO loading. The
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elongation at the break value of pure ABS was determined as
5.8%, while the value of ABS/GO composite was 2.9%. How-
ever, by adding 2wt.% GO, the tensile strength and Young’s
modulus of ABS were enhanced. This might be due to the
interlayer crosslinks of GO sheets under loads, leading to the
ordering of the hierarchical structures which results in the great
significant enhancement of the mechanical properties [30].

4. Conclusion

A new 3D printing filament from ABS/GO composite was
successfully prepared by solution mixing and followed by
melted extrusion using a twin-screw extruder. The solvent
system improved the GO dispersion capability in the ABS
matrix and had no significant effect on the thermal prop-
erties of the ABS/GO composite. However, the aggregation
of GO could lead to the die clogging and failure of the
extrusion process. The tensile strength and Young’s modulus
of ABS were enhanced naturally by GO. Besides, the
elongation at break decreased and needed to be further
improved. Improving mechanical properties verified the

feasibility of 3D printed ABS/GO for potential use in en-
gineering applications.

Our study demonstrated one of the active attempts to
print GO-based composite using FFF 3D printing process
directly. However, the printed part quality, functionalities,
and applications based on the printed ABS/GO composite
needed to be further exploited.
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Abstract. 3D printing has attracted a lot of attention over the past three decades. In particular the Fuse Filament Fabrication
(FFF) technique, general materials require low shrinkage during cooling and viscous behavior during extrusion through a
nozzle. Semi-crystalline thermoplastics and their composites are of the relevance of new materials for 3D printing. However,
the crystalline structures, for instance, may have a favorable impact on their printability. In this study, polypropylene/organ-
oclay nanocomposites were prepared by melt extrusion using a twin-screw extruder. The effects of organoclay on the thermal,
rheological and morphological properties were studied to evaluate the possibility of using the polypropylene/organoclay
nanocomposites as the FFF 3D printing feedstock. Dioctadecyl dimethyl ammonium chloride (D18) was successfully used
to modify the clay surfaces, providing a good dispersity and wettability of organoclay in the PP matrix.

Keywords: polymer composites, polypropylene; organoclay, 3D printing, fused filament fabrication (FFF)

1. Introduction

3D printing technologies have been introduced to
serve the highly particular needs of model creating
and rapid prototyping [1]. However, it has not gained
enough vitality to be commercialized until recently.
3D printing becomes more affordable through a fused
filament fabrication (FFF) process since it offers ad-
vantages, including low cost, high speed, and sim-
plicity as compared to other 3D printing techniques.
Another advantage is the potential of printing di-
verse materials simultaneously. Multiple extrusion
nozzles with the loading of different materials can
be set up in FFF printers, so printed parts can be multi-
functional with designed composition [2, 3]. Con-
versely, one common drawback of FFF printing is that
the composite materials have to be in a filament form
to enable the extrusion process. It is difficult to dis-
perse reinforcements homogeneously and remove the
voids formed during the manufacturing of composite
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filaments. Thus, the usable material is limited to amor-
phous thermoplastic polymers with suitable melt vis-
cosity to allow the good dispersion of the reinforce-
ments. Also, the melt viscosity should be appropriate
to provide structural support and low enough to en-
able extrusion. The general materials require low
shrinkage during cooling and viscous behavior dur-
ing extrusion through a nozzle. Therefore, this brings
about the most exclusive use of amorphous thermo-
plastics in FFF. Thermoplastic polymer materials such
as acrylonitrile butadiene styrene (ABS), polylactic
acid (PLA), polyamide (PA) and polycarbonate (PC)
could be processed by 3D printing technology. How-
ever, most of the 3D printed polymer products are still
now used as conceptual prototypes rather than func-
tional components, due to the intrinsically limited me-
chanical properties and functionalities of printed pure
polymer parts. Accordingly, there is a critical need to
develop printable polymer composites, including
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high precision, cost-effective and customized geom-
etry. Semi-crystalline thermoplastic is one of the new
relevance materials for 3D printing. However, the
crystalline structure, for example, may effect me-
chanical properties, chemical resistance positively
and may have a favorable effect on the end-use prop-
erties for various applications [4, 5].
Nanocomposites are multiphase solid materials where
one of the phases has a dimension of <100 nm. The
nanofillers can be in various forms such as particles,
sheets (exfoliated clay stacks) or fibers. Nanoclay is
one of the most commonly used nanofiller in partic-
ular for the fuel tank and fuel line components for cars
[6]. Polypropylene-based composites are generally
used in automotive applications to manufacture the
part that may need to involve the compressive im-
pact loading under a wide range of temperatures
such as bumpers [7].

Polypropylene (PP)/clay nanocomposites find appli-
cations where excellent mechanical properties, low
permeability to gases or flame resistance are essen-
tial service specifications at low clay content [3, 5].
The development of PP/clay nanocomposites poses
particular challenges because of the hydrophobicity
of PP. Thus, the hydrophilic clays tend to form ag-
glomerates during mixing with PP. This is due to the
van der Waals attraction between clay particles. It is
well-known that the dispersion of nanoclay in the
polymer matrix depends on the surface peeling, fol-
lowed by polymer chains diffusion into the nanoclay
galleries [8]. The methods commonly employed to
facilitate intercalation/exfoliation of the clay and max-
imize its interfacial contact with the polymer matrix
include adding compatibilizers such as maleic anhy-
dride grafted polymer; dimethyl maleate grafted poly-
mer, as well as the surface modifications/treatments
[6, 8—13]. This can significantly affect the matrix
morphology and usually leads to proper clay inter-
calation instead of exfoliation [10, 11, 14]. More-
over, the cationic modification is commonly per-
formed in an aqueous medium in which clay swell
easily to produce organophilic clays. Among the
methods, quaternary ammonium salts are frequently
used. In such a case, the microstructural characteri-
zation concerning matrix morphology and clay dis-
persion, which affects the end properties of the com-
posites, becomes crucial to understand. Melt com-
pounding using twin-screw extruders allows the re-
quired high stress to break up the tactoid structure
of the clays and to promote intercalation/exfoliation
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[15]. In addition, twin-screw extruders are widely
used in industry, and the process is straightforward.
Accordingly, thermal and rheological properties of
the composites have attracted much interest [4, 15].
The properties of composites are dependent on dif-
ferent factors such as the size, shape and nature of
the filler particles, interactions between their con-
stituents, orientation, dispersion and distribution of
the particles in the matrix and notably the filling
level [16]. This study focuses on the development of
polymer nanocomposite filaments for the FFF 3D
printing process, using PP and organoclay. The typ-
ical melt extrusion process used in polymer process-
ing technologies is performed to prepare the PP/
organoclay nanocomposites. The thermal, rheologi-
cal, morphological and tensile properties of the nano-
composites are investigated to evaluate a possibility
of using PP/organoclay composites as FFF 3D print-
ing feedstock. Such PP/organocomposites may have
applications in structural, electrical/electronic and
automotive fields.

2. Experimental

2.1. Materials

Sodium-bentonite clay was supplied by Thai Nippon
Chemical Co. Ltd., Thailand. The surfactant used in
this study was a mixture of dioctadecyl dimethyl am-
monium chloride salts with alkyl chain length of 14
(4%), 16 (32%), and 18 (58%), which will be re-
ferred to as D18 throughout the study. The surfactant
was purchased from Thai Specialty Chemical Co.,
Ltd., Thailand. Polypropylene (PP) powder (MFI =
19.8 g/10 min) was obtained from HMC Polymer
co., Ltd., Thailand.

2.2. Organoclay preparation

400 g of Na-bentonite were added to 20 ml of deion-
ized water and stirred vigorously for 3 h. Various
amounts of D18 were then added in portions (Table 1)
as coupling agent. The reaction mixture was heated
at 70°C for 1 h. The mixture suspension was finally
filtered, washed and dried at 80 °C for at least 12 h
and then ground to fine powder.

Table 1. Organoclay modified with different D18 concentra-

tions.
Organoclay Dioctadecyl dime[tlllll)lflll zll;lgngr;iyulm chloride (D18)
BADO5 0.50
BADI10 0.10
BADI15 0.15
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2.3. PP/organoclay composites preparation

Polypropylene (PP) pellets were ground into powder
form. PP powder with 30 wt% of organoclay (Table 1)
was extruded first as a master batch using a co-ro-
tating twin-screw extruder. The extrusion tempera-
ture profiles ramped from 180 up to 220 °C (from the
hopper to the die). The amount of the organoclay
used in all the nanocomposites was kept constant as
3 wt% concerning total PP, according to the good
mechanical performance improvement resulting from
our previous study [17]. Thus, the PP/organoclay mas-
ter batch was then diluted to obtain 3 wt% of organ-
oclay using the same melt extrusion parameters.

2.4. Characterization

2.4.1. X-ray diffraction (XRD)

The X-ray diffraction (XRD) of organoclay was per-
formed using an X-ray diffractometer (Bruker AXS
Model D8 Discover). All samples were scanned over
the range 20 = 2—-10° and the measurements were
recorded at every 0.02° interval.

2.4.2. Differential scanning calorimetry

The measurements were carried out using a DSC
3500 Sirius, under nitrogen atmosphere. The samples
were heated from room temperature to 280 °C. After
an isothermal step for 2 min, the samples were cooled
down to 30°C and finally heated up to 280 °C after
another isothermal step for 2 min. Scanning temper-
ature ramps of 10 K/min were used for all dynamic
steps. A heat of fusion for a 100% crystalline PP of
205 J/g [4] was used to calculate the degree of crys-
tallization. For isothermal analysis, all materials
were quenched from 230°C to an isothermal tem-
perature (125°C).

2.4.3. Rheology test

First, dynamic strain sweep tests were performed
using a rheometer (Germini 2000, TA instrument)
equipped with 25 mm diameter parallel plates. The
dynamic strain sweep test was conducted from the
strain values of 0.1-100% with the frequency of
0.628 rad/s to investigate the linear regime for all
samples. After that, the linear viscoelasticity responses
of the materials were measured with the frequency
sweep tests between 0.628 and 628 rad/s at a tem-
perature of 210°C. A constant strain of 2% (which
is in the linear regime for all samples) was used, and
the gap between the two plates was set to 1 mm. After

applying the Cox-Merz rule, the complex viscosity
could be determined as a function of the shear rate.

2.4.4. Scanning electron microscopy (SEM)

For the examination of the organoclay dispersion in
the PP matrix, the PP/organoclay nanocomposite fil-
aments were mounted in resin. They were then met-
allographically ground using emery paper and pol-
ished on diamond pads. The samples were examined
using a JEOL JSM-IT500HR scanning electron mi-
croscope (SEM) at an accelerating voltage of 10 kV.
For imaging, backscattered electrons were used to
enhance the contrast of the specimen images, com-
pared with secondary electrons.

Furthermore, the cryo-fracture surfaces of the PP/
organoclay nanocomposite filament were also studied
using a Hitachi SU3500 scanning electron micro-
scope at an accelerating voltage of 15 kV. Prior to in-
vestigation, all samples were sputter coated with gold.

2.4.5. Transmission electron microscopy (TEM)
All PP/organoclay nanocomposite samples were in-
vestigated using the transmission electron micro-
scope (TEM), (JEOL 2010 with an acceleration volt-
age of 200 kV) to verify the dispersion of organoclay
in the PP matrix. The PP/organoclay nanocomposite
filaments were prepared as a 90 nm thick slice using
a microtome with a diamond knife in liquid nitrogen.
The slices were then imaged in the TEM.

2.4.6. Tensile tests

To obtain the mechanical properties, the tensile tests
were carried out according to ASTM D638 [18]. The
specimens were printed based on Type-V geometry.
The crosshead speed was set to 5 mm/min. Ultimate
tensile strength; Young’s modulus and elongation at
break were evaluated as an average value of at least
five replicates.

3. Results and discussion

3.1. X-ray diffraction

The XRD analysis allows estimating the distance be-
tween the clay layers according to Bragg’s law [15]
as shown in Equation (1):

2dsin® = nA (D

where d represents the spacing between diffraction
lattice planes, 0 is the diffraction angle of the beam
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on these planes, 7 is a positive integer representing
the diffraction order, and A corresponds to the wave-
length of the X-ray radiation used in the diffraction
experiment. Based on the interaction force of the
polymer/organoclay, three types of nanocomposite
morphologies could be generated, including interca-
lation, exfoliation and phase-separation.

The intercalated morphology resulted in a displace-
ment of the peaks associated with the basal distance
toward angles’ lower values, corresponding to a dis-
tance between the most critical sheets. Exfoliated
morphology resulted in the absence of diffraction
peak because of a much too large spacing between
the layers, or the nanocomposite does not present or-
dering anymore [19, 20].

Figure 1 presents the XRD patterns of the unmodi-
fied clay, organoclay modified with different D18
contents as well as PP and PP/organoclay nanocom-
posites, respectively, from the region of 20 between
2 to 10°. For the clay modified with the series of dif-
ferent D18 loading, the peak intensity was increased
with increasing the D18 content. Besides, the peaks
tended to shift toward the lower angle values (see Fig-
ure la). These results indicated that there exists a dif-
ference in the clay microstructure after organically
modified the clay surface with D18. The similar re-
sults were also found in the case of the PP/organoclay
nanocomposites as depicted in Figure 1b. There was
no peak observed for the neat PP observed in the in-
teresting region. For the PP/organoclay composites,

Unmpdified clay
e
s BADO5
2
D
c
]
£
a)
— /k/\ PP/BADOS
S
=, PP/BAD10
2
@
E, PP/BAD15
=
PP
by, - e el
2 3 4 5 6 7 8 9 10

b) 26 [7]

Figure 1. XRD patterns of (a) unmodified clay and organ-
oclay modified with different D18 contents and
(b) neat PP and PP/organoclay nanocomposites.
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the examined diffraction peaks shifted toward lower
angle values as the D18 contents increased. The peak
of PP/BADO5 observed at the 26 value of 3.0°, cor-
responded to 37.2 A d-spacing. With increasing the
D18 contents, the broader distribution of the d-spac-
ing value was also observed. The d-spacing values
were 33.3 A (20 =2.7°) and 29.8 A (20 = 2.4°) for
for PP/BAD10 and PP/ BADI1S5, respectively. PP is
nonpolar and does not interact perfectly with clay
platelets. However, due to the high shear during the
melt extrusion process as well as the addition of the
coupling agent, the combination of intercalation and
exfoliation could be achieved in the composites de-
spite the non-polarity of PP. The lower angle values
revealed intercalation while the larger d-spacing val-
ues suggested exfoliation developed in the PP/organ-
oclay nanocomposites, which allowed peeling of the
clay platlets.

From our previous study, the D18 molecules can be
either packed as an island of interdigitating mono-
layers or an island of highly tilted bilayers on the clay
surface, leading to the increase in d-spacing value
[17]. For the small loading of D18 (PP/BADOS), even
though the stacking of the organoclay has not com-
pletely disappeared, the peaks have slightly broad-
ened. It is possible that the clay surface has not yet
fully covered with the D18 molecules, leaving the
empty space around the island where the hydrate
water-Na” is located, resulting in a less ordered
structure.

3.2. Thermal properties

In FFF 3D printing, temperatures of the nozzle are
crucial parameters to print the composite filaments
without major structural flaws smoothly. Thus, ther-
mal properties of such composite filament were care-
fully assessed with standard techniques, differential
scanning calorimetry (DSC). The printable materials
need to be heated above the glass transition temper-
ature (7,) or the melting temperature (71,) to get soft-
ened the composites. However, if the temperature is
set too high, it could degrade the polymer ingredi-
ents. Therefore, before 3D printing, T, or T}, of the
materials is the first and most vital parameter to be
determined.

Figure 2 shows the representative DSC curves of the
PP and the PP/organoclay nanocomposites. In gen-
eral, the variation in the melting temperature (7},) in-
dicates the change of crystal structures of material.
The Ty, of nanocomposites could be changed upon
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Figure 2. Melting temperatures of PP and PP/organoclay
nanocomposites in comparison with PLA, the con-
ventional material used for FFF 3D printing.

filler loading. However, there is no significant dif-
ference between Tm for the PP and the PP/organ-
oclay nanocomposites. Since the amount of organ-
oclay loading in all of the PP/organoclay nanocom-
posites in this study were kept constant at 3wt%, this
justified that the concentration of D18 does not con-
siderably affect the thermal stability of the PP.

A relatively broad melting peak at 165 °C is charac-
teristic of the a-phase of iPP [21]. In comparison with
the conventional PLA filament, the PP and the PP/
organoclay nanocomposites could be softened at the
nearly same temperature (73, ~165 °C). It could be im-
plied that the PP and the PP nanocomposites could
be possibly 3D printed using the same temperature
setup for the conventional PLA filament. Hence, the
developed PP and PP/organoclay nanocomposite fil-
aments can be 3D printed using the conventional
FDM 3D printers.

Figure 3 shows the crystallization temperature (7;) for
the PP and the PP/organoclay nanocomposites. The

FP/BADOS
B ! PP/BAD10
- P, D S — — — — — i — —, —
E _PPBADIS
2
2 PP

40 60 80 100 120 140 160 180 200 220 240

Temperature [*C]

Figure 3. Crystallization temperature of PP and its compos-
ites; PP/BADOS, PP/BAD10 and PP/BADI5.

Table 2. Differential scanning calorimetry results of neat PP
and PP/organoclay nanocomposites.

*

To | T | X [T o] Te | AHe | A
Samples | (ot | jocy | (o] | €1 1°CI | el | el
PP 165.1110.8 | 46.8 155.4 114.9 | 994 | 96.0
PP/BADO5|165.8 | 1189 | 35.6 | 1544 | 122.8 | 73.0 | 73.0
PP/BADI10|164.8 | 1144 | 33.4 | 153.6 | 118.8 | 69.6 | 68.4
PP/BADI15|164.7 | 113.9| 30.0 | 152.5 118.9 | 58.6 | 61.6

“Heat of fusion, AH,, for 100% crystalline PP = 205.0 J/g [18].

crystallization temperatures of all the PP/organoclay
nanocomposites were found to be higher than that of
pure PP. The PP/BAD10 and PP/BADI15 presented
a nearly similar crystallization behavior whereas the
PP/BADOS showed the highest crystallization tem-
perature. The shifts of both the onset and peak to-
ward higher temperatures for all the PP/organoclay
nanocomposites were observed as compared to pure
PP. This clearly illustrates that the crystallization of
PP significantly affected by both the presence of D18
and the clay. These effects on the crystallization were
in agreement with the importance of the spherulite
size reduction. Organoclay acted as nucleating sites
and induced crystallization of the PP matrix. The de-
gree of crystallization for materials with short mol-
ecules was high since they could crystallize faster
and more accessible [22]. As shown in Table 2, the
degree of crystallinity decreased with increasing the
D18 content. The addition of D18 delayed the crys-
tallization process as shown in Figure 4.

When the higher content of D18 was added into the
nanocomposites, the crystallization behavior tended
to be much more similar to the PP, in agreement
again with the weaker reductions in spherulite size
compared to the pure PP. However, for the small

— PP

------- PP/BAD15
— - PP/BAD10
---- PP/BADO5

DSC [mW/mag]

0 120 240 360 480 600 720 840 960 1080 1200
Time [s]

Figure 4. Isothermal segments of the crystallization process
at 125°C of PP its composites; PP/BADOS, PP/
BADI10 and PP/BADI15.
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amount of D18 (PP/BADO0S5), the significant shift of
T to the higher temperature was observed, indicat-
ing the substantial reduction in spherulite size as well
as the faster crystallization of the composite. These
results thus suggested that the amount of D18 played
an essential role in the crystallization behavior and
also the degree of crystallinity. Furthermore, the en-
thalpy tended to drop with an increase in D18 con-
tent. This phenomenon may be also attributed to a de-
crease of the thermodynamically stable alpha phase
content in favor of a mesomorphic structure [23].

3.3. Rheological behaviors

The viscosity of the polymer melt usually plays an
important role in the processability of materials. Un-
derstanding rheological properties is of great impor-
tance to achieve an overview of the material’s struc-
tures and also the determination of processing con-
ditions for real polymer processing, such as extru-
sion and injection molding. The crucial challenge is
to find the optimum balance between improvements
in properties, at the same time being able to process
the materials. Polymer composites are mainly
processed under high temperatures and high shear
rates. There are several drawbacks resulted from
mixing hard particles with polymers, principally due
to the considerable difference in densities. Adding
solid particles into a molten polymer changes the
viscoelastic behavior, the viscosity and the elasticity
of the system.

The dynamic strain sweep test was first applied to
the neat PP and PP/organoclay nanocomposites to
determine the linear viscoelastic region. Figure 5
presents the storage modulus (G'), which is a sensitive
rheological function related to the structural changes
of the nanocomposites [12]. Storage modulus (G") of
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Figure 5. Storage modulus (G’) versus strain (y) curves for
neat PP and its organoclay nanocomposites at the
temperature of 230°C.
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all samples exhibits a linear region (Newtonian
plateau) at low strain and the non-linear region at
high strain amplitudes. The addition of organoclay in-
creased the plateau modulus. The transition point,
which appeared at the deviation region from the lin-
ear to non-linear viscoelastic behavior, is defined as
a critical strain (y.). It was observed that the critical
strain (y.) for the PP/organoclay nanocomposites
varies with the D18 content. However, at the strain
less than 10%, all samples exhibit linear viscoelastic
behavior. Therefore, all further rheological measure-
ments in this study were done in the linear regime at
2% strain.

Frequency sweep tests for the PP/organoclay nano-
composites in the linear viscoelastic domain are
shown in Figure 6. The storage modulus (G') was in-
creased by the incorporation of the organoclay into
the PP matrix. The enhancement in the dynamic mod-
ulus was significant, in particular, at low frequencies
regime. Also, G' becomes nearly independent on the
frequency at low frequencies, which is an evidence
of the exfoliation or partial exfoliation [11]. It can
be explained that the diffusion of the organoclay mol-
ecules is favored by making the galleries chemically
compatible with the PP matrix. The compatibility oc-
curs by exchanging interlayers inorganic clay cations
with D18 cations. Therefore, layer distance (gallery
distance) of organoclay increases due to the modifier.
With the same loading of organoclay, G’ value is
molder with higher D18 content. This reflects the
less effective development of the physical interaction
between the PP chains and the layer of organoclay
at higher D18 content.

Figure 7 shows the variation of the complex viscos-
ity for the neat PP, PP/BADOS5, PP/BAD10, and PP/
BAD15 nanocomposites. It was well established that
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Figure 6. Frequency variations of the storage modulus, G’
curves for neat PP and its organoclay nanocom-
posites at the temperature of 230°C.
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Table 3. Shear thinning exponent and viscosities of neat PP
and PP/organoclay composites.

Samples nat100s?! | nat200s?! | nat1000s!
PP 235.56 176.42 80.73
PP/BADO5 581.77 360.43 117.64
PP/BAD10 578.87 369.49 128.98
PP/BADI15 339.90 230.17 90.50

organoclay nanocomposites at the temperature of

230°C.

the addition of nanofillers into the polymer matrix
increased the viscosity of the system. When solid par-
ticles were added into a polymer matrix, they might

disturb the flow lines and restricted the mobility of

the polymer chains. The increase of the viscosity val-
ues also proves the physical network-like structure
developed in the PP/organoclay nanocomposites.
Furthermore, it should be noted that all the PP/organ-
oclay nanocomposites exhibited shear-thinning be-
havior for the complex viscosity without any plateau
region at low frequencies. Pronounced shear thinning
has also been reflected the nanodispersion which is
another evidence of the exfoliation morphology [11].
Also, by applying the Cox-Merz rule, Figure 8 pres-
ents the shear viscosity of the PP and its nanocom-
posites. The average shear rate in the typical co-rotat-
ing twin-screw ranges between 1 and 1000 s~ [24].
For the FFF 3D printer, the relatively low shear rate
is expected near the liquefier entrance and the print
nozzle. Shear rates in the nozzle are commonly in
the range of 100-200 s~ [25]. Table 3 illustrates the
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Figure 8. Shear viscosity (applied Cox-Merz rule) curves for
neat PP and its organoclay nanocomposites at the
temperature of 230 °C.
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viscosities of the PP and the PP/organoclay nano-
composites at the shear rate of 100, 200 and 1000 s~
As expected, PP/BAD15, the nanocomposites with
the highest degree of D18 loading displayed the low-
est viscosity among the PP/organoclay nanocompos-
ites at all shear rates. This can be attributed to the ef-
fect of the shorter molecule of D18, which flow easier
than the longer molecules, PP. Addition of D18 led to
the improvement of the flowability of the nanocom-
posites. However, incorporating with the G' and XRD
results, the capability of the exfoliation and interca-
lation of the PP/organoclay nanocomposites could
be improved by modifying clay with the coupling
agent, D18. The less amount of D18 resulted in the
higher degree of exfoliation/intercalation.

Figure 9 shows a Cole-Cole plot of the storage mod-
ulus G’ versus the loss modulus G” for the neat PP and
its organoclay nanocomposites at 230 °C. It was pro-
posed that the logG'-logG"” should be similar if the
microstructure does not alter [26]. The logG'-logG"
curve can also be used to elucidate structure differ-
ences of polymer materials at a fixed conditions such
as a fixed temperature. The increase of G’ at a given
G" indicated that the microstructure of the compos-
ites changed significantly with the addition of organ-
oclay. Also, the organoclay modified with higher
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Figure 9. Storage modulus (G') as a function of loss modu-
lus (G") of neat PP and its organoclay nanocom-
posites at the temperature of 230°C.
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D18 content resulted in the less structural deviation
as compared to the neat PP.

3.4. Morphology

The homogeneity of organoclay dispersion directly
affected the composite’s printing ability and other
physical properties. The dispersion of organoclay in
the PP matrix was investigated via the polished sur-
faces of the PP/organoclay composites as shown in
Figure 10. It is seen that the smaller size of the organ-
oclay is found for the case of more substantial D18
loading content.

Figure 11 shows the SEM images for fracture sur-
face of the PP/clay composites filaments. With low
D18 content, the PP/BADOS5, the matrix coverage
was not sufficient. It can be seen from many voids
appeared as some evidences of the organoclay pull-
out from the PP matrix. This indicated the weak in-
terfacial bonding between the organoclay and the PP
matrix. With increasing the D18 content, the matrix
coverage was improved. This could be explained by

PP/BAD10 . .

c)

the fact that the high mobility of the low molecular
weight coupling agent, D18, allowed the PP matrix
to interact actively with a large number of clay
platelets during compounding.

The morphology of the PP/organoclay nanocompos-
ites reported in this section were in good agreement
with the rheological properties, confirming the ca-
pability of dispersion as well as the consequent for-
mation of interfacial adhesion between the modified
clay and the PP matrix.

3.5. 3D printing optimization

3.5.1. Nozzle temperature

For FFF 3D printing, with the extrusion temperature
known, the accuracy of machine’s motions can be
explored [27, 28]. Figure 12 shows the extruded
mass as a function of temperature for the PP/BADO0S5
in comparison with the conventional PLA filament.
Both materials tended to display a plateau at the tem-
peratures higher than 220 °C. The edge of the plateau
region is considered the lower bound of acceptable

d)

Figure 10. SEM images of polished surfaces for neat PP and its organoclay nanocomposites at 500x magnification. a) PP,

b) PP/BADOS, ¢) PP/BAD10, d) PP/BADI15.
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Figure 11. SEM images of fracture surfaces for neat PP and its organoclay nanocomposites at 2000x magnification. a) PP,

b) PP/BADOS, ¢) PP/BAD10, d) PP/BADI15.

temperatures for the extrusion rate. Below this tem-
perature, the theoretical amount of polymer extruded
cannot be accurately achieved at the given feed rate.
Furthermore, extruding at the higher temperature than
this lower bound would cause the slower solidification
of the extruded bead on the printed part. From the re-
sults, it could be concluded that PP/BADOS5 could be
3D printed at the temperature range of 220-240°C.

3.5.2. Tensile properties

In this study, an open source 3D printer, WANHAO
Duplicator 6, was used to 3D print the tensile test
specimens based on ASTM D638-14 [18]. It is noted
that all prepared PP/organoclay nanocomposites can
be 3D printed using the same printing parameters
listed in Table 4. However, the neat PP cannot be suc-
cessfully 3D printed because of its semi-crystalline
characteristic, which leads to the high shrinkage and

2 ok SR . warpage during printing.
05 | —«— PP/BADOS = T The tensile properties at room temperature of the
5 g PP/BADOS5 and PP/BAD15 were shown in Figure 13.
o
©
?EJ 03 Table 4. Parameters used for 3D printing of PP/organoclay
E: 0ok nanocomposites.
in] Parameters Value
L & Print nozzle diameter [mm)] 0.4
58 . _ Nozzle temperature [°C] 220
180 190 200 210 220 230 240 Bed temperature [°C] 110
Nozzle temperature [°C] Layer height [mm] 0.2
Figure 12. Extruded mass as a function of nozzle tempera-  |P rint infill [%o] 30
tures for PP/BADOS and PLA filaments. Print speed [mm-s™'] 20
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Figure 13. Tensile strength, Young’s modulus and Elongation at break of PP/BADOS and PP/BAD15 printed specimens.
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Figure 14. TEM images of the 3D printed (a) PP/BADOS5 and (b) PP/BADI15 at 5000x (top) and 200 000x (bottom) magni-
fications.
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The tensile strength, Young’s modulus as well as the
elongation at break of the PP/BAD15 were margin-
ally higher than those of the PP/BADOS5. This could
be attributed to the better dispersion of the organ-
oclay (BADI15) in the PP matrix. These results were
in good agreement with the rheological behaviors
and SEM results.

3.5.3. Organoclay dispersion

To verity the dispersion of the organoclay and its mi-
crostructure in the PP matrix, the TEM images of the
printed PP/BADO5 and PP/BAD15 were presented
in Figure 14. At the same magnification (5000x), the
organoclay modified with higher D18 content (PP/
BAD15) showed a smaller size and better dispersion
in the PP matrix than the PP/BADO05. Both the PP/
BADOS and the PP/BAD15 seem to a combination
of exfoliation and intercalation morphologies as an-
ticipated by the XRD analysis. However, it is ob-
served that the PP/BAD15 sample has larger clay
tactoids which correspond to the more likely inter-
calated morphology [12].

4. Conclusions

In this study, a new PP/organoclay nanocomposite
filament was first-time successfully prepared by the
melt intercalation method using a twin-screw extrud-
er and 3D printed into the three-dimensional shape.
The linear viscoelasticity responses of the PP/organ-
oclay nanocomposites showed the significant effect
of the clay addition. D18 was successfully used to
modify the clay surfaces, providing a better disper-
sion and wetting of the clay particles in the hy-
drophobic polymer matrix such as PP. A shift of the
(00 1) plane peak to lower angle, indicated the more
intercalation capability, while the larger d-spacing
values suggested exfoliation developed in the PP/
organoclay composites. Combining the XRD results,
the rheological behavior and the TEM results togeth-
er, it can be concluded that the PP/organoclay nano-
composites prepared in this study have mixed inter-
calated/exfoliated microstructure. A pseudo-MFI
measurement proposed that the PP/organoclay nano-
composites could be 3D printed at the temperature
range of 220-240°C using a conventional FFF 3D
printer. The results of this study can be further used
for facilitating the development of engineering ma-
terials based on semicrystalline polymers from plas-
tic industries.
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Abstract: The combination of high-density polyethylene (HDPE), low-density polyethylene (LDPE)
and polypropylene (PP) is frequently found in polymer waste streams. Because of their similar density,
they cannot be easily separated from each other in the recycling stream. Blending of PP/ polyethylenes
(PEs) in different ratios possibly eliminate the sorting process used in the regular recycling process.
PP has fascinating properties such as excellent processability and chemical resistance. However,
insufficient flexibility limits its use for specific applications. Blending of PP with relative flexible PEs
might improve its flexibility. This is a unique approach for recycling or upcycling, which aims to
maintain or improve the properties of recycled materials. The effects of the branched-chain structures
of PEs on the crystallization behavior and the related mechanical properties of such blends were
investigated. The overall kinetics of crystallization of PP was significantly influenced by the presence
of PEs with different branched-chain structures. The presence of LDPE was found to decrease the
overall crystallization rate while the addition of HDPE accelerated the crystallization process of the
blends. No negative effect on the mechanical performance and the related crystallinity was observed
within the studied parameter range.

Keywords: polymer blends and alloys; recycling; crystallization; crystal structure; kinetics

1. Introduction

Plastics are used daily in some applications. A considerable amount of plastic is used in disposable
products. The amount of plastic consumed has been growing steadily due to desirable properties
such as low density, high strength, ease of manufacturing and low cost. As a result, both industry
and private households generate more and more plastic waste. The most prominent concerns are
single-use plastic items such as packaging, bags and containers. Unfortunately, appropriate waste
management strategies are not developing at the same rate as the increasing levels of plastic wastes.
A significant amount of waste does not reach proper disposal sites, instead of littering the landscape,
and blowing or washing into the sea, which leads to severe environmental problems. Polyolefins,
which have excellent recycling properties, make up over 50% of the non-recycled plastic (high-density
polyethylene, HDPE, low-density polyethylene, LDPE and polypropylene, PP). This has motivated the
interest in plastic reuse and recycling [1-3].

Polyethylenes (PEs) are the most common plastic. Their primary uses are in packaging including
plastic bags, plastic films and bottles. PEs are classified according to their polymerization method,
density and branching. There are several types of PEs, but the most common use is the high-density
polyethylene (HDPE) and the low-density polyethylene (LDPE). HDPE has between five and ten short
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branches every 1000 carbon atoms. LDPE has the same number of branches as HDPE; however, they are
much longer and are usually branched themselves [4-6]. Polypropylene (PP) is a linear hydrocarbon
polymer with an intermediate level of crystallinity between LDPE and HDPE. Similar to PE in many
properties, the presence of the methyl group attached to every other backbone carbon atom can alter
the properties in some ways. The tertiary carbon atom can provide a site for oxidation. As a result,
PP is less stable than PE. The orientation of each methyl group relative to the adjacent methyl groups
has a strong effect on the polymer’s ability to form crystals [7]. Due to its desirable physical properties
such as high tensile strength, high stiffness and high chemical resistance, polypropylene (PP) has been
widely used as packaging material, for instance as margarine and yogurt containers, bottle caps and
microwavable food. However, it shows weak impact strength at low temperatures and is susceptible to
environmental stress cracking [8,9]. LDPE waste mostly results from bags and packaging films. Owing
to its low mechanical properties and easy processability it is recycled as garbage bags. One possibility
to develop alternative applications is blending it with other materials to improve the low mechanical
performance of recycled LDPE.

The combination of PP and PEs is frequently found in polymer waste streams. Because of their
similar density, PP and PEs cannot be easily separated from each other in the recycling stream [10].
Blends of PP and PEs have become a subject of great economic and research interest, not only to improve
the processing and mechanical properties of PP but also to some extent to expand opportunities to
recycle these mixed plastics [11-15] Since the 1980s, a considerable amount of work has been focused on
the study of mechanical properties of mixed PP and PEs. The effectiveness of blending mainly depends
on the miscibility or immiscibility of the blended components. PP and HDPE as well as PP and LDPE
are generally considered immiscible in any blending ratio and show a remarkable phase separation
during cooling and crystallization, which reflects the end-properties of such blends. In polymer blends,
the crystallization process may have a significant influence on its morphological features, thermal and
mechanical properties.

Semi-crystalline polymers, PP and PEs, consist of crystallites of different lamellar thickness and
degree of perfection. Crystallization kinetics in such polymer blends are very complex in relation
to the different crystallization behavior of the two components. These include the production of
primary nuclei, formation and spreading of surface nuclei, and inter-diffusion of crystallizable and
non-crystallizable chains at the advancing front of the growing crystal [16-18]. In general, depending on
the nucleation, there are two types of crystallization: heterogeneous and homogeneous crystallization.
The crystal fraction in a polymer is a function of both the nucleation rate and the growth rate of
the spherulite in the sample. The factors influencing the changes in primary nucleation in polymer
blends can be divided into two groups. (i) The properties of the minor phase polymer in the blend,
including miscibility, glass transition temperature, ability to crystallize, the temperature range in
which crystallization is possible and surface tension of the polymer melt and (ii) the blending/mixing
processes. For such blends in which dispersed polymer can crystallize, the size of its inclusions,
controlled by the parameters of the mixing process, is one of the most critical factors determining
the crystallization kinetics of the blend. For example, the non-equilibrium molecular structure of the
PP/LDPE blend can be observed as a result of the strange process of PP crystallization [12]. Accordingly,
the crystallization in blends of PP with LDPE and HDPE has been studied. PP has a high degree of
crystallinity due to its regular chain structure. Galeski et al. [19] examined the morphology of an
isotactic PP (iPP)/LDPE blend and revealed that the LDPE occlusions introduced substantial changes
in the internal structure of the iPP spherulites. From a polarizing micrograph, it was seen that the
LDPE droplets hindered the spherulite-growing front, causing distinct concavities. The influence of
crystallization of a dispersed polymer in the matrix crystallization can probably explain the decrease of
spherulite size in nonisothermically crystallized samples of the blends reported for iPP with LDPE [20],
and iPP with HDPE [21]. During fast nonisothermal crystallization, a simultaneous crystallization of
both components is also possible. Already crystallized inclusions of a dispersed polymer accelerate
the crystallization of the matrix acting as nucleating agent and induce the formation of additional
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spherulites. Finally, the average spherulite radius in those blends becomes smaller than in plain iPP
crystallized under the same condition [22]. Razavi-Nouri et al. [23] studied the morphology of PP/linear
low-density PE (LLDPE) blends and found that the nucleation densities of the PP spherulites decreased
in the presence of the LLDPE. Moreover, LLDPE remained as discrete droplets dispersed throughout the
PP spherulites, which indicated the immiscibility of these two components. In the case of PE/PE blends,
molten PEs of different type chain structures usually are immiscible. The spherulites of PE with higher
Tm, are encapsulated by those of the other PE during crystallization. Thus, once cooled below the
crystallization point of one component, the blends” morphology is fixed within the crystalline structure.

The physical properties of PP and PEs are too similar to enable the detection of such phase
separation, which governs the mechanical properties of the end product directly. Likewise, the phase
behaviors of PP/PEs blends, are not entirely understood yet. However, the crystallization behavior plays
an essential role in determining the crystal structure as well as the phase morphology, which further
affects the end-use properties, especially mechanical performance. In this study, the influences of
different chain structures PEs on the crystallization behaviors of PP/PEs blends as well as effects on the
tensile properties are investigated. The crystallization behaviors, including the kinetics of crystallization
as well as the crystal morphology, were studied using the differential scanning calorimetry (DSC)
and the polarized optical microscopy techniques, respectively. The gel permeation chromatography
(GPC) technique was used to measure the molecular weight and molecular weight distribution of the
materials. Also, the blend morphology was analyzed via the scanning electron microscopy (SEM).
Thus, the correlation between the crystallization behaviors and the tensile properties of PP/PEs blends
were addressed. Furthermore, the effects of the recycling process on the chain structures, crystallization
behaviors, as well as the tensile properties of recycled PP/PEs blends, are discussed.

2. Materials and Methods

2.1. Materials

The polymers chosen for this study have substantial differences in processing behavior and
end-use properties. We selected the commercial virgin resins which are commonly used for packaging
applications including Low-density polyethylene, LDPE (DOW LDPE 132I, Dow Chemical Company,
Chicago, IL, USA), high-density polyethylene, HDPE (Marlex HXM 50100, Chevron Phillips Chemical,
Woodlands, TX, USA) and polypropylene, PP (FHR Polypropylene P9G1Z-047, Flint Hills Resources,
Longview, TX, USA).

The manufacturing scrap of recycled LDPE (Bapolene®1072, Bamberger Polymers, Inc., Itasca, IL,
USA), injection molding grade used for food packaging) and regrind PP (Inspire ®6025N, Braskem,
Philadelphia, PA, USA), used for blown film and thermoforming of packaging containers) were
supplied by PLACON (Fitchburg, WI, USA). Incorporated together with virgin material of both grades
were selected as representatives for recycled materials.

2.2. Sample Preparation

All materials were processed using a Leistritz (Somerville, NJ, USA) ZSE18HPe laboratory, modular,
intermeshing, co-rotating twin-screw extruder and subsequently pelletized with the appropriate
downstream equipment (a water-through, blown-air drier and a rotary cutter). The extrusion
temperature profile was in a range of 180-220 °C from the hopper to die and the screw speed of 100
rpm. The PP/LDPE and PP/HDPE blends were prepared with the weight ratio of 100/0, 75/25, 50/50,
25/75 and 0/100, respectively.

For the mechanical properties” measurement, the PP/LDPE and PP/HDPE blends were prepared as
the tensile bars according to ASTM D638-14 using a Type 1. All specimens were injection molded using
an Allrounder 320S injection molding machine of the ARBURG GmbH and Co. KG, Lofburg-Germany
with a clamping force of 500 kN. This machine is equipped with a screw of 25 mm diameter and an
effective screw length (L/D ratio) of 24. The mold temperature is set at 25 °C.
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3. Characterization

3.1. Melt Flow Rate (MFR) Measurements

The melt flow rate (MFR) is a good technique to determine the effects of reprocessing since it is
an indirect measurement of the melt viscosity of materials. It also indicates the changes in molecular
weight and is widely used in the thermoplastic industry. The MFR measurements were carried out in
an extrusion plastometer Series 4000 according to the ASTM D1238-10, using procedure A [24].

3.2. Differential Scanning Calorimetry (DSC)

The melting and crystallization behavior of PP, LDPE, HDPE and their blends were determined
using a DSC (214 Polyma, NETZSCH Group, Selb, Germany) under nitrogen atmosphere.
For crystallization and melting temperature measurement, PP, LDPE, HDPE and their blends were
melted at 200 °C, held isothermal for 2 min, then cooled to —35 °C and heated to 200 °C again with the
scanning temperature rate of 5 K/min. For isothermal analysis, all blends and pure polymers were
quenched from 200 °C to an isothermal temperature between 100 to 125 °C.

For the analysis of the crystallization kinetics, the Thermokinetics software (Version 3.1, Selb,
Germany) from NETZSCH Group was used (Model: n-Dimensional nucleation (Avrami-Erofeev)).

According to the rule of mixtures, the crystallinity of PP/LDPE blends was determined from the
melting enthalpy (AHm) [25]. The actual melting enthalpy of a blend is related to the enthalpy of the
individual polymer and to their weight fraction w in the blends:

A = D)
j = ——— 1)
W)
thus,
AHpppy  AHp(LDPE
AHpp /1. DPE _( > ( )+ (LDPE) )
(PP) W(LDPE)

The degree of crystallinity, x, of PP, LDPE and their blends was calculated using the

following equation;
_ AH;
~ AHp
where AH) is the specific heat of melting of completely crystalline materials, AHy = 205]/g, and
293 ]/ g for PP and PEs, respectively [6].

However, in PP/PEs blends, the resultant morphologies are not only attributed to thermodynamic
factors but also to kinetic ones during subsequent crystallization. The crystallization kinetics are
described in terms of the Avrami equation (Equation (4)), a common tool to describe overall isothermal
crystallization (including nucleation and growth of spherulites). It can be also written as:

X x 100 ®3)

In(-In(1-X(t))) =Ink(T)+nlnt 4)

When applied for DSC analysis, it is assumed that the differential area under the crystallization
curve with time corresponds to the dynamic changes in the conversion of mass from the melt phase
to the solid phase. The relative crystal conversion X(t) as a function of time was calculated by the

following equation:
_ X

Xoo
where X(t) is the released heat until time ¢ and t. is the total released heat by crystallization.
The Avrami index, 7, is a complex exponent, which is related to the dimensionality of the growing
crystals and to the time dependence of nucleation. While the crystallization rate coefficient, k, is the
overall crystallization growth rate constant and related to the nucleation type, crystal growth and

X(t) Q)
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crystallization temperature. Based on these two values, the crystallization half-time, t1 ,, which is a
representation of the crystallization rate, can be evaluated from:

In2

k= .
(t12)"

(6)

In this study, the crystallization kinetics of all materials were calculated based on the Avrami
model using the Thermokinetics software.

3.3. Polarized Optical Microscopy

The phase transformation of PP, LDPE, HDPE and their blends was investigated using an Olympus
IX71 polarising optical microscope (Melville, NY, USA) equipped with a 50x objective and a hot-stage.
All samples were prepared as 10 pm thick films using a microtome. The films were heated between a
glass slide and coverslip to 200 °C and kept for 2 min. Subsequently, the samples were quenched to an
isothermal temperature between the crystallization temperatures for PP (125 °C) and LDPE (100 °C).

3.4. Tensile Tests

The tests were carried out according to ASTM D638-14 [26] using a Type 1 tensile bar on an Instron
5960 Dual Column Tabletop tensile test machine (Norwood, Massachusetts) with a 30 kN load cell.
The crosshead was moved with a constant velocity of 500 mm/min until the specimen broke in the
gauge section. The strength and the strain of the sample were determined based on the maximum
force and the elongation of the tensile bar. At least five measurements were taken for each material.

3.5. Gel Permeation Chromatography (GPC) Analysis

The analyses were performed using a PL GPC220, equipped with DAWn Heleos-II, detector
from Wyatt Technology (Santa Barbara, California). The two PLgel Olexis separating column with
300 mm X 7.5 mm, Agilent Technologies were employed. All measurements were performed with
1,2,4 trichlorobenzol stabilized with 0.1% BHT at the flow rate of 1 ml/min and the measurement
temperature of 150 °C.

3.6. Scanning Electron Microscope (SEM) Analysis

The cryo-fracture surfaces of the PP/PEs blends were studied using the LEO 1530 scanning electron
microscope (SEM, White Plains, NY, USA) at an accelerating voltage of 5 kV. All fractured samples
were etched with sulfuric acid at 80 °C for 2 h. Prior to investigation, all samples were sputter-coated
with gold.

4. Results and Discussion

4.1. Melting and Crystallization Temperatures

According to the data available in the literature as well as the one presented in this study, PP,
LDPE and HDPE crystallize separately, and both polymers can have a mutual effect on the process of
crystallization, and the morphology of the blends [12].

Figure 1a shows the DSC heating curves of PP, LDPE and their blends at different compositions.
The two endothermic peaks in the temperature range corresponding to the melting temperature of the
individual polymers. The melting temperature of PP and LDPE does not significantly depend on the
composition of the blends. As shown in Figure 1b, the crystallization temperature of LDPE in PP/LDPE
blends remarkably shifts to higher temperature relative to the crystallization peak of pure LDPE and
remains almost constant in all blend compositions. However, the crystallization temperature of PP in
PP/LDPE blend with 75 wt % of LDPE content shifts to lower temperatures, which indicates a reduction
in the perfection of the formed crystallites.
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Figure 1. (a) Melting temperature (Tr,) from the 2nd heating scan and (b) crystallization temperature
(T.) of polypropylene (PP), low-density polyethylene (LDPE) and their blends at different compositions.

For PP/HDPE blend, the T, of HDPE in all blend compositions remains almost constant
temperatures relative to that of pure HDPE (~131 °C) as shown in Figure 2a. However, the
crystallization behavior of PP/HDPE blends is complex compared with the melting behavior. As shown
in Figure 2b, the crystallization peak of blends shifts to the higher temperature, which is close to the
crystallization temperature (T.) of HDPE. Even though PP/HDPE blend systems seem to show only
one T, however, the bimodal behavior is more pronounced at higher HDPE loading blend (75 wt %
HDPE). The bimodal crystallization behavior could be associated with partially miscible behavior.
Also, a single crystallization peak of the blend with small HDPE loading could be postulated that the
PP was miscible with HDPE at elevated fraction and temperature. A single crystallization peak may be
due to a very close crystallization temperature of the individual polymers; 116.2 °C for PP and 117.6 °C
for HDPE. Also, the one crystallization peak possibly implies co-crystallization of the materials, which
leads to miscibility and compatibility of the blends.
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Figure 2. (a) Melting temperature (Tr,) from the 2nd heating scan and (b) crystallization temperature
(T¢) of PP, high-density polyethylene (HDPE) and their blends at different compositions.

4.2. Crystallinity

Figure 3a presents the crystallinity of PP/LDPE blends both total and separately in the blends. It can
be seen that the crystallinity of PP and LDPE in the blends varies depending on their composition. In the
case of high viscosity polymers, the increase of LDPE (lower viscosity) content decreases the degree of
crystallinity of the blend. Concerning an individual component, it is seen that the crystallinities of
both LDPE and PP in the blends exhibit an almost linear relationship with its concentration.

Similarly, Figure 3b presents the total crystallinity of PP/HDPE blends both total and separately
in the blends. The more linear structure of HDPE results in more crystallinity compared to those of
PP. The larger the HDPE contents, the higher crystallinity of the blends. Remarkably, a drop of the
total crystallinity of PP/HDPE blends appears when the blend contains 75 wt % HDPE, which could be
related to the deviation in crystallization behavior as well as the crystal structure of the blend.
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Figure 3. % Crystallinity of (a) PP/LDPE blends and (b) PP/HDPE blends at different blend compositions.

4.3. Crystal Structures

The crystal structures and morphology of PP, LDPE, HDPE and their blends were captured using
the polarized optical microscope. From the DSC results, it is known that PP starts crystallizing at
125 °C while LDPE and HDPE begin at 100 and 124 °C, respectively.

PP is a semi-crystalline thermoplastic polymer with a high degree of crystallinity due to its regular
chain structure. In general, PP can crystallize in a wide range of spherulite dimensions (from 10-50 pm
to 280-370 um) depending on the crystallization conditions as well as the presence of nucleating
agent [27,28]. LDPE and HDPE crystals, in general, consist of ethylene units in a chain fold structure.
Thus, the segment length of an ethylene unit can limit the lamella thickness. From this study, it is
visible that LDPE crystals are much smaller in size compared to PP crystals. The crystal sizes are about
25 and 100 pm in diameter for LDPE crystals and PP crystals, respectively. However, the crystal sizes
of HDPE are much smaller than those of PP and LDPE as can be observed in Figure 4.
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(a) PP (b) LDPE (c) HDPE

Figure 4. Polarizing optical microscopy of (a) LDPE after isothermal crystallization at 100 °C for
20 min, and (b) PP after isothermal crystallization at 125 °C for 20 min and (c) HDPE after isothermal
crystallization at 124 °C.

In this study, each blend was crystallized isothermally at 125 °C, where PP could crystallize. Figure 5
shows the nucleation and growth process of PP/LDPE blends during the isothermal crystallization at
125 °C from 4 to 20 min. The spherulites of PP in blends were not as sharp as in the virgin PP, but they
could still be readily distinguished. During crystallization, the PP in the blend crystallizes at almost
the same rate as pure PP. A larger LDPE content resulted in a reduction of the average spherulite size
of PP. Possibly, PP should be somewhat soluble in the melted LDPE, which seems to be consuming the
remaining PP dissolved in the matrix, preventing bridging growth [29]. This can also be concluded
from the shifting of T, of PP to a lower temperature with more substantial LDPE contents.

i,

25wt LDPE 50wt% LDPE 75wt LDPE

Figure 5. Polarizing optical microscopy of the nucleation and growth process of PP/LDPE blends
containing 25 wt % LDPE, 50 wt % LDPE and 75 wt % LDPE during isothermal crystallization at 125 °C.
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The crystallization rate of PP was found to be slightly slower at larger LDPE contents. As can
be seen from Figure 5 at 4 min, the PP spherulite in the 75 wt % LDPE blend developed slower than
that of PP spherulites in the 50 wt % LDPE and 75 wt % LDPE blends, respectively. Even though
the PP crystals in the blend of 25 wt % LDPE nucleated faster than that of the blend with 50 wt %
LDPE, it should be noted that once the PP crystals in the blend of 50 wt % LDPE were nucleated,
they grew faster. This can be seen at 8 min. Some crystals nucleated at a much lower rate and then
grew faster afterward.

In contrast, the opposite effects are found for PP/HDPE blends. The larger the HDPE contents, the
faster the crystallization rate as can be seen in Figure 6. Since the crystallization temperatures of PP
and HDPE overlap, both PP and HDPE could crystallize, increasing the crystallization rate. The overall
crystallization rates are accelerated as the higher HDPE contents are loading.

Slipm Slpm Sl

Hpm

25wt% HDPE 50wt HDPE T5wt% HDPE

Figure 6. Polarizing optical microscopy of the nucleation and growth process of PP/HDPE blends
containing 25 wt % HDPE, 50 wt % HDPE and 75 wt % HDPE during isothermal crystallization at
125 °C.

4.4. Crystallization Kinetics

Figure 7a shows the crystallization behaviors, and Figure 7b shows the comparison of crystalline
fraction development in PP/LDPE and PP/HDPE at the same concentration of LDPE and HDPE
(25 wt %), respectively. The solid line represents the crystalline fraction of pure PP at the same
isothermal crystallization process.
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Figure 7. (a) Differential scanning calorimetry (DSC) crystallization curves and (b) reduced crystallinity
obtained at 125 °C for PP (solid line), PP/LDPE containing 25 wt % of LDPE (dash line) and PP/HDPE
blends containing 25 wt % of HDPE (dot line).

Based on the Avrami equation, the values of the Avrami exponent, 1, varied slightly but they were
all close to 2, indicating that the crystallization process was heterogeneous and took place within two
dimensions. The growth of spherulites was confined in two dimensions although initial nucleation
and crystallization may take place in three dimensions because the specimens were 10 pm in thickness
and were sandwiched between glass slides and coverslips. The most dramatic increase in the Avrami
index, 1, can be obtained by increasing the LDPE content since the morphology can also be significantly
altered by confinement effects or interference from the LDPE melt. The growing PP spherulites may
occlude the droplets of LDPE. Theoretically, the difference in interfacial energy decides whether the
droplets of LDPE were engulfed or rejected by the growing PP spherulites [28]. The crystallization
kinetic parameters of all blends are shown in Table 1.



Polymers 2019, 11, 1456 12 of 18

Table 1. Avrami index (1), overall crystallization rate constant (k), and crystallization half-time obtained
during isothermal crystallization of PP, LDPE, HDPE and their blend at isothermal crystallization
temperatures (125 °C) at the cooling rate of 25 K/min.

. MEFR Half-Time, £/, n k
Materials [g/10 min] minl 0 [min-l]
PP (0 wt % LDPE) 0.66 3.24 242 02655
PP/LDPE (25 wt % LDPE) 071 458 273 0.1908
PP/LDPE (50 wt % LDPE) 0.89 468 265 01862
PP/LDPE (75 wt % LDPE) 091 N/A NA  NA
LDPE (100 wt % LDPE) 0.72 N/A NA  NA
PP/HDPE (25 wt % HDPE) 045 273 236 03143
PP/HDPE (50 wt % HDPE) 032 227 254 0.3808
PP/HDPE (75 wt % HDPE) 023 N/A NA  NA
HDPE (100 wt % HDPE) 0.5 N/A NA  NA

From the crystallization behavior studies, which include the kinetics of crystallization as well as
the crystal morphology from the optical microscope, we found that the overall crystallization rate of
PP was sharply reduced by the addition of LDPE, the more branched structure. However, the opposite
results were found for the case of linear chain HDPE. Consequently, the branched-chain structure
seems to affect the nuclei density. However, from this study, it can be said that both nucleation and
diffusion processes controlled the overall crystallization rate.

The MFR seems to affect the crystallization haft-time, as shown in Table 1. The addition of LDPE
and HDPE into PP showed different effects on the MFR of the blends. The MFR of PP/HDPE blends
decreased with increasing the HDPE content, and all blend compositions have the MFR within the
limits of the pure components; PP and HDPE. Surprisingly, the MFR of PP/LDPE increased with
increasing LDPE loading, which is even higher than the MFR of the pure components; LDPE and PP. It
is possible that LDPE acts as a plasticizer for the PP molecules and enhances the mobility and diffusion
of PP in the blends.

4.5. Effect of Recycling Process

Due to the large differences in structure and behavior, for recycled materials, the results presented
in this study will be limited to PP, LDPE and their blends. Some results of PP/HDPE blends will be
shown to confirm the applicability of methods or results where appropriate. Thus, the manufacturing
scraps of recycled LDPE (Bapolene®1072) and regrind PP (Inspire ®6025N), which will be called as
LDPE1 and PP1 were selected as representatives.

Figure 8 shows the comparison of isothermal crystallization behavior of virgin material (vPP1,
solid line) and recycled material (rPP1, dash line) at 139 °C. It is seen that the crystallization behavior
of recycled PP deviates from that of the virgin material. The broader shape indicates that rPP1 needs
more time to crystallize and that the crystal geometry could be different.
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Figure 8. Crystallization curves obtained at 139 °C for virgin material (vPP1), and recycled material
(rPP1).

Figure 9 shows the isothermal crystallization curves for vPP1, and vPP1/vLDPE1 blends at 139 °C,
a temperature at which the only vPP1 can crystallize. These results imply a delay in the crystallization
and the imperfection of the crystal formation in the recycled blends.
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Figure 9. Crystallinity obtained at 139 °C for virgin material (vPP1/vLDPE1) and recycled material
(rPP1/rLDPE1) blends containing 25 wt % of vLDPE1 and rLDPEI], respectively.

The effect of recycling process on the crystallization behavior of PP/LDPE blends is shown in
Figure 9. The recycled blend (dash line) shows a higher rate of crystallization compared to that of
the virgin blend (solid line), which may be caused by the shorter polymeric chain resulting from the
degradation during the recycling process [14]. Furthermore, the recycling process affects the shape
of the crystals (rPP1), which become more spherical. The smaller the value of k and the higher the
half-time value, the slower is the rate of crystallization.

It can be seen that the recycling process resulted in the broader of the crystallization peak.
Moreover, the nucleation of rPP1 is much slower than that of vPP1, as reported in Table 2. Furthermore,
a significant decrease in M, of virgin PP1 (vPP1) from 481,000 to 354,150 g/mol for recycled PP1 (xPP1)
was observed. Recycled PP1 (rPP1) is the regrind material received out of the production stream,
resulting from the dilution of 70% recyclate with 30% virgin material. Thus, the properties can be
influenced by highly degraded fractions, which have shorter polymer chains than the virgin material.
The shorter chains have a lower molecular weight and thus, affect the mechanical performance of the
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material. The observed lowering in the molecular weight (M) indicates that chain scission occurred
during the recycling process. The lower polydispersity index shows that the chain scission was mostly
affecting the longest chains, while the lower limit was not affected. Thus, the molecular chain of rPP1 is
shorter, and the molecular weight distribution is narrower, leading to the smaller k value and lowering
the crystallization rate as shown in the increasing of the crystallization half-time.

Table 2. Weight average molecular weight (M), molecular weight distribution (My/Mn) and kinetic
parameters for the isothermal crystallization of vPP1 and rPP1 at 139 °C at the cooling rate of 25 K/min.

Crystallization Half-Time,

. MEFR M k
Materials . w My,/My Temperature ti -
[g/10min] [g/mol] [°C] [min] [ [min—1]
vPP1 2.76 414,933 3.15 139 1.52 1.93 0.5436
rPP1 6.10 333,467 2.46 139 2.21 2.24 0.3844

From the crystallization behavior studies, which include the kinetics of crystallization as well as the
crystal morphology from the optical microscope, it is clearly shown that the overall crystallization rate
of PP was strongly reduced by the addition of LDPE for both the high-viscosity system (PP/LDPE and
PP/HDPE) and low-viscosity system (vPP1/vLDPE1). Furthermore, consistent behavior was observed
in the blend system of recycled material (rPP1/rLDPE1). It can be concluded that the reduction in the
overall rate is attributed to a decrease in the nucleation density. The decrease in nucleation density
was found predominantly caused by the nuclei migration from PP to PE, which was in turn caused by
an interfacial energy difference [19].

In general, polymer degradation during processing operations can cause changes in molecular
weight and molecular weight distribution in polymers. The MFI indicates changes in molecular weight
but is rather insensitive to changes in molecular parameters such as molecular weight distribution.
In the case of viscosity, the sensitivity to molecular weight distribution changes is seen in the very
low and very high shear rate ranges. MFI has been used to estimate the extent of thermal and shear
degradation of polymeric material as it can be readily measured on a simple and inexpensive melt
flow indexer. The recycled blend shows a higher MFI at the blend composition of less than 50 wt % of
LDPE while the lower MFI can be observed at the high LDPE contents (>50 wt %). Therefore, it can be
concluded that at small LDPE contents, the MFI of the matrix PP dominates the change in MFI of the
blend. Vise Versa, at higher LDPE content, when the LDPE presents the matrix, the MFI of the blends
are indeed governed by LDPE. The low-viscosity materials (high MFI) show a faster crystallization
rate as well as shorter crystallization half-time compared to the high-viscosity materials.

4.6. Mechanical Properties

Figure 10a presents the stress-strain curves for PP, LDPE and their blends at different compositions.
The tensile stress-strain curves are dependent on their composition. As expected, the elongation of PP
was improved by adding the more ductile LDPE. The larger the content of LDPE, the higher is the
strain at break. The same behaviors were observed for the PP/HDPE blends as shown in Figure 10b.
The tensile strength, Young’s modulus and maximum tensile stress for such PP/LDPE and PP/HDPE
blends are depicted in Figure 10c—e, respectively. It can be seen that Young’s modulus and the tensile
strength of PP/LDPE and PP/HDPE blends followed the same trends. However, a distinct improvement
in Young’s modulus and tensile strength were found in PP/HDPE blend with 25 wt % of HDPE. One
reason could be attributed to the co-crystallization of PP and HDPE (exhibit one crystallization peak),
and the higher degree of crystallinity, which again results in an increased modulus.
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Figure 10. Tensile properties: (a) stress-strain curves of PP, LDPE and their blends at different
compositions (ug = 500 mm/min), (b) stress-strain curves of PP, HDPE and their blends at different
compositions (up = 500 mm/min), (c) tensile stress, (d) Young’s modulus and (e) tensile strain at
maximum stress for PP/LDPE (dash line) and PP/HDPE (solid line) as a function of blend composition.

Figure 11 shows the tensile properties of the blends prepared from virgin materials (vPP1/vLDPE1),
and recycled materials (rPP1/rLDPE1), respectively. The tensile properties of rPP1 show only a slight
change compared to those of virgin material (vPP1/vLDPE1). These results indicate the potential for
recycling the PP/LDPE blend with consistent mechanical performances.
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Figure 11. Tensile stress [MPa], Young’s modulus [MPa] and tensile strain [%] for vPP1/vLDPE1 and
rPP1/rLDPE1 as a function of blend composition.

4.7. Blend Morphology

Figure 12 presents the SEM micrographs for the low-viscosity blend (rPP1/rLDPE1, MFI ratio =
10) in comparison with the high-viscosity blend (PP/LDPE, MFI ratio = 1) of 75 wt % LDPE. It is seen
that the polymer pairs with different viscosities and MFI ratios, in which related to the different chain



Polymers 2019, 11, 1456 16 of 18

structures and degree of entanglement, developed different phase morphologies. The rPP1/rLDPE1
blend shows a droplet structure, small holes as well as droplets of material being dispersed in the matrix.
However, sharp borders at the dispersed phase sites and no evidence of PP-LDPE interpenetration are
observed. Since rLDPE1 has a much lower viscosity than rPP1 in this blend, holes and droplets may be
attributed to LDPE particles, which are entirely surrounded by PP. The lack of interfacial adhesion
between PP and LDPE phases leads to the decreasing in mechanical strength of the blend as presented
in Figures 10 and 11.

EHT = 5.00 k\V/ Signal A = InLens Date -10 Nov 2016 EHT = 5.00 kV Signal A = InLens Date :10 Nov 2016
WD= 33mm Photo No. = 570 Time :11:36:48 '_' WD = 42mm Photo No. = 588 Time :12:07:41
- — — A - - . ,

Figure 12. SEM images for vPP1/vLDPEL1 (left) and PP/LDPE (right) at 25 wt % of LDPE composition,
sulfuric etching at 80 °C for 2 h.

Polymer pairs and blend composition affect the results of the short-term tensile test. The higher
maximum tensile stress of PP can be explained by the short rigid methyl group, which is attached to
every second carbon atom of the polymer backbone. The methyl group restricts rotation of the chain,
which results in a higher degree of crystallinity while producing a stronger and less flexible material.
Thus, already a small content of this brittle material decreases the ability of elongation significantly,
which is shown by the considerable drop of maximum tensile strain between 0 and 25 wt % LDPE.
Such behavior can be also observed all blends.

The PP/LDPE in this study shows extremely improved tensile properties at 75 wt % LDPE content,
which imply partial miscibility or partial compatibility of the blend. Similar behavior is also observed
in PP/HDPE blend. Incorporating with the crystal structure results, it could be said that the PP/PEs
blends showed a dynamic incompatible behavior that has been attributed to the different crystalline
structures of the two components, PP and PEs. Even though it took longer time to crystallize, blends
with 25 wt % of LDPE and HDPE crystallized with the large size of crystals. This could be causing a
heterogeneous structure with weak interconnections, leading to modest maximum tensile strain values.
As the LDPE and HDPE content increase, the blends getting crystallized into aggregates of smaller
sizes in which well interconnections between the crystals, leading to the tensile strain enhancement.
The PP/PEs blends with a high level of compatibility are expected to offer advantages for a wide range
of applications, including the applications of the individual polymers.

5. Conclusions

The crystallization behavior studies, which include the kinetics of crystallization as well as the
crystal morphology from the optical microscope, clearly showed that the addition of long branches
LDPE strongly reduced the overall crystallization rate of PP. The reduction in the overall rate is mainly
attributed to a decrease in the nucleation density. The decrease in nucleation density was found
predominantly caused by the nuclei migration from PP to LDPE. Accordingly, the imperfection of
PP crystals in the blends resulted from LDPE droplets engulfed in the PP spherulites, which can
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also be observed from the shifting of T of PP to a lower temperature with larger LDPE contents.
The crystallization rate of PP was found to be slightly slower at larger LDPE contents. Even though the
PP crystals in the blend with 25 wt % LDPE nucleated faster than that of the blend with 50 wt % LDPE,
it should be noted that once the PP crystals in the blend of 50 wt % LDPE were nucleated, they grew
faster. This can be seen in the optical microscopic images for the isothermal crystallization at 8 min as
well as the overall crystallization rate, which is represented in the form of reduced crystallinity versus
time. Some crystals nucleated at a much lower rate and then grew faster afterward. However, in the
case of PP/HDPE blend in which the crystallization temperatures overlap, resulting in an increase
of the crystallization rate. Moreover, the more LDPE and HDPE contents, the smaller crystal sizes
propagated in the blends. The Avrami coefficient, n1, depends on the shape of the crystal: spherical
(n = 3); disk-shaped (n = 2); rod-shaped (1 = 1). This study shows that the shape of the crystal and the
crystallization rates seemed to affect the tensile properties of the blends. These results are observed for
the blends of PP and HDPE (short branched structure). The PP/HDPE blend with 75 wt % HDPE, which
n =1.69 and had a prolonged crystallization rate, showed a significantly improved on the elongation
property. Accordingly, the slower crystallization rate resulted in the tensile properties improvement.

The mechanical properties are in good agreement with the crystallization study and show that
PP/LDPE with 75 wt % LDPE and PP/HDPE with 75 wt % HDPE are partially compatible. Particularly
the elongation at maximum strain is considerably improved while the tensile stress at break and
Young’s modulus are not lower than expected. Thus, the recycled PP/PEs blends can be expected
to be able to serve in a wide range of application. This is depending on the degree of miscibility or
compatibility, which is related to the desired properties of the products as well as the processability of
the materials. According to this study, the properties of recycled PP/PE blend (rPP1/rLDPE1) remains
unchanged until the composition of r(LDPE1 reach 25 wt %, which means that rPP1/rLDPE1 can be used
similarly as the pure recycled PP. For example, the recycled blends could be used again in injection
molded or blow-molded applications to make bottles or containers. Furthermore, the outdoor decking,
fencing and picnic tables can be manufactured from the recycled PP/PEs blends as well as pipe, films
or sack bags.
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