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ABSTRACT

Fused filament fabrication (FFF) is the most commonly used 3D printing tech-
nology. In this work, the isotactic polypropylene/high-density polyethylene
blend was used for FFF for the first time. A printing platform with arrays of
conical holes was designed to overcome the warpage deformation of product. In
order to investigate the influences of shearing force during the nozzle-extrusion
process and stretching force during deposition process on the part property,
various printing speeds were selected for series of samples. WAXD, SAXS and
SEM measurements were used to study the phase morphology and crystalline
structure of components. Results reveal that with the increase in printing speed,
the PP crystal would deform into shish-kebab structure and PE crystal would
deform into epitaxy crystalline structure owing to the strong shearing and
stretching forces. These structures improved the impact strength by about 5
times. The printing speed showed slight influence on the thermal behavior. This
work confirms the applicability of semicrystalline polymer in FFF technology
and gives a deep understanding toward the printing conditions and part
property. The obtained results also provide a new method to fabricate high-
performance product which will broaden the research field of FFF.
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molding and compression molding [1]. Owing to the
characteristics of rapid prototyping, mold needless

Introduction

3D printing (3DP), also referred to as additive man-
ufacturing (AM), has become a disruptive technology
contrast with conventional polymer processing
methods such as injection molding, extrusion

Address correspondence to E-mail: zhangjie@scu.edu.cn

@ Springer

and personalized manufacturing, 3DP has been
widely used in automobile industry, rapid molding,
architectural engineering, industrial design, aero-
space, medical science and many other fields. Among
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all the 3DP technologies, i.e., fused filament fabrica-
tion (FFF), stereo lithography apparatus (SLA),
selective laser sintering (SLS), laminated object
manufacturing (LOM), etc. [2-5], FFF is the most
commercially and commonly used one. It has many
prominent advantages including low  cost,
portable equipment, no material waste and secure
manufacturing environment compared with other
3DP technologies [6, 7]. Since it was first developed
by Scott Crump at Stratasys in the early 1990s [8],
many efforts have been made to investigate this
technology which can be roughly classified into new
material development [9, 10], processing parameter
optimization [11, 12], equipment development
[13, 14], product quality improvement [15, 16] and
application field exploration [17, 18]. To our knowl-
edge, material deficiency is the most severe limitation
of FFF, as the commercialized polymer materials
applied for FFF are mostly restricted to polylactic
acid (PLA) and acrylonitrile butadiene styrene (ABS).

The processing procedure of FFF can be described
as follows. The thermoplastic filament feedstock is
firstly fed into the liquefier by a pair of counter
rotating rolls. After melt under the extrinsic heat
supply, molten materials are sequentially extruded
out of the nozzle with a specific diameter. The solid
feedstock plays the role of plunger in the same time.
Then, the extruded strands deposit on the printing
platform road by road. With the coordination of
nozzle and platform movements, the part with any
geometry can be finally fabricated under machine
instructions. There are two external forces that poly-
mer melt may suffer during printing, that is, the
shearing force in the nozzle-extrusion process and the
stretching force in the deposition process. As far as
we know, some attempts have been made to study
the influences of the external forces on the part
property. Zhou et al. [19] observed the formation of
in situ fibrils and microfibrils in FDM printed PP/PC
parts induced during processing. This phenomenon
was caused by the orientation of molecular chains
under external shearing and stretching forces, and
finally resulted in the dramatically improved
mechanical properties of FDM parts. Further, they
also found that the tensile properties of FDM printed
PC/ABS/EMA and PC/ABS/EMA /nano-sodium
montmorillonite parts along the deposition direction
were higher than that of conventional injection-mol-
ded samples [20]. This was attributed to the deposi-
tion-induced effect. The deposited materials
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underwent external stretching force during the noz-
zle scanning process, resulting in the orientation of
macromolecules which enhanced the tensile proper-
ties. In our recent work, the in situ PLA microfibrils
were observed in TPU/PLA blend when fabricating
parts using the customized FDM printer [21]. Results
revealed that these microfibrils mostly formed in the
nozzle-extrusion process owing to the shearing force
and could be maintained in the final parts. As a
result, the tensile properties were largely improved
compared with neat TPU samples.

Isotactic polypropylene (iPP) is one of the most
commercialized thermoplastics around the world,
owing to its comprehensive properties and low cost.
However, despite the wide applications in industry,
iPP has almost not commercially used in FFF yet. The
leading limitation is the severe warpage deformation
of printed parts induced by the high degree of crys-
tallinity and shrinkage [22]. As a result, the existing
researches mostly focus on the development of
printability and part quality of PP [23-29]. But there
are extremely rare investigations toward the rela-
tionship between crystalline structures and mechan-
ical properties of PP-based FFF parts. High-density
polyethylene (HDPE) is also a commonly used ther-
moplastic, and several researches have been con-
ducted to improve its application in FFF [30-32]. iPP/
HDPE blends are widely studied as a polymer blend
system [33], especially the investigations about the
relationships among the processing conditions, the
microstructure of sample and the mechanical prop-
erties. Epitaxy crystallization is a well-known crys-
talline structure of iPP/HDPE blends based on the
geometric lattice matching for (010) lattice plane of
iPP and (100) lattice plane of PE [34, 35], which can
provide excellent properties to products. Some
researchers have made attempts to fabricate parts
with this structure by traditional polymer processing
methods [36—42], but it is still a challenge to largely
obtain epitaxy crystalline structure among common
samples for industrial applications.

In the present work, iPP/HDPE blend was selected
for FFF for the first time. The blend filaments were
prepared as feedstock. Considering that both com-
ponents are semicrystalline polymers with large
shrinkage, a self-developed platform which has
arrays of conical holes as shown in Fig. 1a was used
in order to largely reduce the warpage deformation
of printed parts, as well as enhancing the bonding
property between the part and platform. During the
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printing process, some material of the first layer
would flow into the conical holes, solidify and con-
nect the products with the table and decrease the
warpage. Because the upper diameter of the holes is
as small as 0.46 mm, each immersed material is easy
to fracture under suitable external force. So it is easy
to remove the printed parts from the self-developed
platform without deforming or damaging the mor-
phology. A simple comparison of pure iPP samples
printed on the platform with arrays of conical holes
and straight holes proves the positive effect of the
developed platform as shown in Fig. 1b, and the
printed iPP/HDPE sample is shown in Fig. lc.
Because of the fact that the shearing and stretching
forces during FFF mainly depend on the printing
speed, five different printing speeds were chosen to
investigate their influences on the microstructure,
thermal behavior and impact property of products.
The experimental results indicate that shish-kebab
structure of PP phase and epitaxy crystalline struc-
ture of PE phase can be found in FFF parts under
suitable conditions. Both structures make huge con-
tributions to the enhancement of impact strength.

Figure 1 a Schematic of the
self-developed platform with
arrays of conical holes and its
geometric dimensions; b pure
iPP samples printed on the
platform with arrays of conical
holes (b1) and straight holes
(b2); ¢ part of iPP/HDPE blend
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Materials and methods
Materials

Isotactic polypropylene (iPP, trade name T30S), with
a melt flow index (MFI) of 2.90 g/10 min (230°C,
216 kg), a M,, of 58.7 x 10*, a molecular weight
distribution of 5.2 and a density of 0.910 g/cm?, was
purchased from Dushanzi Petroleum Chemical Co.,
China. High-density polyethylene (HDPE, trade
name 5000S), with a melt flow index (MFI) of 1.18 g/
10 min (190 °C, 2.16 kg), a M, of 132 x 10, a
molecular weight distribution of 5.6 and a density of
0.960 g/cm®, was supplied by Lanzhou Petroleum
Chemical Co., China.

Sample fabrication

The primary processes of sample fabrication are
demonstrated in Fig. 2. HDPE and iPP pellets were
oven-dried at 80 °C for 5 h; then, they were melt
compounded by a SHJ-25 corotating twin screw
extruder (Cheng Meng Plastic Machinery Factory,
Nan Jin, China). The mass ratio of iPP to HDPE was
80:20. The screw speed was 120 rpm, and the tem-
peratures from hopper to die were 150, 170, 180, 200,
200, 200, 200, 200, 190 °C, respectively. Extruded
polymer melt was cooled by water bath and then cut

deposited on the platform.
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into granules. After dried at 80 °C for 4 h, the pre-
pared blend pellets were made into filaments suit-
able for FFF by a FLD-25 single screw extruder (En
Beide Machinery co. LTD, Su Zhou, China). The
screw speed was 60 rpm, and the temperatures from
hopper to die were 160, 190, 190, 190 °C, respectively.
The extruded melt was pulled by rolling wheel and
frozen through water bath. A laser diameter mea-
suring instrument was used to ensure that the
diameter of polymer filaments was precisely con-
trolled at 1.75 + 0.1 mm by adjusting the pulling
speed. Pure iPP and PE filaments were also prepared
for measurements in order to investigate the change
of crystalline behavior of both components. Then, a
commercial desktop 3D printer (HORI Z300) was
used to fabricate samples with the prepared blend
filaments as feedstock. Impact test samples with
dimension of 60 x 10 x 4 (length x width x thick-
ness) mm as shown in Fig. 2 were printed. The main
processing parameters of FFF process are listed in

HDPE 5000s

iPP T30s 20 wt%

80 wt% -

14061

Table 1. All samples were printed with a melt infill
orientation of 0°, which means that the printing
direction was parallel to the length direction of
samples. Five different printing speeds were selected
including 300, 600, 3000, 6000 and 9000 mm min !
for various samples. For simplicity, the final samples
were denoted as “PP/PE x,” with “x” representing the
printing speed. To make a comparison with FFF
blend samples, pure iPP (named as CPP) and
HDPE(named as CPE) samples for impact test were
compression molded under the temperature of
200 °C and the pressure of 10 MPa.

Two-dimensional synchrotron X-ray
measurements

The two-dimensional wide-angle X-ray diffraction
(2D-WAXD) and two-dimensional small-angle X-ray
scattering (2D-SAXS) measurements were taken on
the BL16B1 beamline in the Shanghai Synchrotron

F__"I—>$’%

twin screw extruder

blend pellets

laser diameter
measuring mnstrument

O —

blend filaments

single screw extruder

3D printing

Figure 2 Schematic diagram of manufacturing procedures from pellets compounding to sample fabrication.
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Table 1 Summary of main printing parameters of the FFF process

Parameters Values
Nozzle temperature 220 °C
Bed temperature 80 °C
Nozzle diameter 0.8 mm
Layer thickness 0.2 mm
Infill degree 100%

Melt infill orientation 0°

Printing speed 300/600/3000/6000/9000 mm min~"

Radjiation Facility (SSRF), Shanghai, China. Interme-
diate zone of each sample was sliced for experiment.
The wavelength of X-ray was 0.124 nm, and the
rectangular beam with a dimension of 0.5 x 2 mm?
was used. A Pilatus 2 M detector was employed for
detection of scattering signals, having a resolution of
3072 x 3072 pixels. The distance from sample to
detector was 97.24 mm and 1850 mm for WAXD and
SAXS, respectively. The sample was mounted on a
three-dimensional elevator platform with its thick-
ness direction parallel to the Y-axis. Finally, Fit-2D,
PeakFit and Origin software were used to analyze the
data.

Linear WAXD profiles were obtained from circu-
larly integrated intensities of 2D-WAXD patterns.
The relative amount of B-crystals Kp in iPP was cal-
culated for each sample using the widely accepted
formula proposed by Turner-Jones et al. [43]:

‘o 13(300)
P 15(300) + I, (110) + I,,(040) + 1,(130)

where I, (110), I, (040) and I, (130) are the intensities
for a-form peaks (110), (040) and (130) planes,
respectively, while Iz (300) is the intensity of B-form
peak (300) in linear WAXD pattern.

Additionally, the orientation degree of lamellar
crystals was calculated using the Herman’s orienta-
tion function [44]. In this method, the crystal orien-
tation was characterized by the average orientation of
the normal to the crystal plane with respect to an
external reference frame. In this work, the melt infill
orientation was taken as the reference direction. For a
given hkl plane, the average orientation, expressed as

(1)

<cos?p >y, was calculated mathematically using
the equation:
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where ¢ being the azimuthal angle and I(¢) being the

scattered intensity along the angle ¢. Herman’s ori-

entation function f was defined as follows:

f:%_ (3)

Particularly, f has a value of — 0.5 with the normal
of the reflection plane being perpendicular to the
reference direction (¢ = 90°), a value of 1 with the
normal of the refection plane being parallel to the
reference direction (¢ = 0°) and a value of 0 with the
orientation being random. The (040) diffraction rings
of iPP in the two-dimensional patterns were chosen
for calculating the degree of orientation in this study.

Scanning electron microscope (SEM)

The morphology of printed samples was observed
using scanning electron microscope (FEI Nova Nano
SEM, America) with an acceleration voltage of 5 kV.
To carefully observe the crystalline morphology,
samples were firstly brittle fractured after immersed
in liquid nitrogen. Then they were chemically etched
in a permanganate etching solution at 50 °C for 8 h,
where amorphous phase of both polymers dissolved
but crystals remained. The impact fractured surfaces
of samples were also investigated. All specimens
were gold-sputtered before SEM observation.

Differential scanning calorimetry

The thermal behavior and crystallinity of each com-
ponent were measured using a TA-Q200 differential
scanning calorimetry instrument. All measurements
were taken under nitrogen atmosphere. Specimens of
around 4 mg were cut from samples, placed in a
sealed aluminum pan and then heated from 80 to
200 °C at a heating rate of 10 °C min~'. The crys-
tallinity X. of component i in the blend was calcu-
lated by the following equation [45]:
AH;
© gAH @

where AH; is the enthalpy of fusion of component i,
directly obtained from DSC results, and ¢; is the mass
fraction of component i in the blend. The fusion
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enthalpy AH" of fully crystalline polymer is 207 and
293 ] g~ for iPP and HDPE, respectively.

Measurement of impact strength

The notched Izod impact strength of the specimens
was measured with a XJUD-5.5 Izod machine (Jinjian
Testing Instrument co. LTD, China) at room tem-
perature according to ASTM D256-04. Before the test,
a 45° V-shaped notch (depth 2 mm) was made. For
each sample, at least five specimens were used and
the values of all mechanical parameters were calcu-
lated as averages.

Results and discussion

Two-dimensional wide-angle X-ray
diffraction

Figure 3 shows the 2D-WAXD patterns obtained at
the intermediate zones of various samples, which are
used to investigate the crystalline status of the blend.
From inner to outward, the reflection circles or arcs
originate from (110), (040), (130), (111) and (— 131)
planes of o modification of iPP and (110), (200) planes
of orthorhombic crystallites of HDPE. Specially, for
iPP/HDPE blends, the reflections of (111) and
(— 131) planes of iPP are overlapped with (110) plane
of HDPE as a result of their similar diffraction angles.

When the printing speed is as low as 300 mm min ",

Figure 3 2D-WAXD patterns ()
at the intermediate zones of
different samples: a PP/PE
300; b PP/PE 600; ¢ PP/PE
3000; d PP/PE 6000; e PP/PE
9000. The melt infill
orientation is perpendicular

72\

AN—

(11Y(131) 3~ o—

indicating by a black arrow.
(110),,,
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it can be clearly seen in Fig. 3a that all reflections of
iPP and HDPE are unabridged and equally dis-
tributed circles, indicating isotropic crystallization of
both components [36]. Slight difference occurs when
the printing speed increases to 600 mm min~".
However, strong arc-like diffraction signals appear
for samples with printing speed lager than
3000 mm min ', as shown in Fig. 3c—e. Note that the
strong reflections of iPP (hk0O) planes at the equator
direction indicate that the c-axis of iPP lamellae are
preferentially oriented along the melt infill orienta-
tion. That is to say, the molecular chains show strong
tendency to orient parallel to the melt infill orienta-
tion with high orientation degree. For the (110), (111)
and (— 131) planes of iPP, four reflection arcs sym-
metrically emerged around the meridian, which is
identical to Liu’s [46] results. Moreover, an additional
(300) lattice plane appears in samples (b—e) corre-
sponding to the reflection of B-crystals of iPP.

To further investigate the crystalline structure and
orientation degree of blend, the linear WAXD curves
of various samples are presented in Fig. 4 after cir-
cularly integrating the intensities of 2D-WAXD pat-
terns. The reflection peaks represent different lattice
planes of iPP and HDPE, with the increase of 2-theta
angle. It is obvious that diffraction peaks of (300)
lattice plane of B-crystal exist in all samples except for
PP/PE 300, which possesses the lowest printing
speed. The orientation degree and relative content of
B-crystals of iPP are calculated and plotted in Fig. 5
using the methods mentioned in “Two-dimensional
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synchrotron X-ray measurements” section. From
Fig. 5, we can see that the orientation degree of iPP
increases sharply with the increase in printing speed
at first, i.e., from 0.5045 for PP/PE 300 to 0.9311 for
PP/PE 3000. But it then changes slightly to 0.9512 for
PP/PE 6000 and decreases to 0.8974 for PP/PE 9000.
This is caused by the fact that during the printing
process, when polymer melt is extruded out of nozzle
and deposits on the platform, iPP molecular chains
are subjected to the shearing force in the nozzle and
stretching force successively, which will cause the
molecular chains to orient along the nozzle scanning
direction. The decrease in orientation degree for PP/
PE 9000 may be attributed to the slower cooling rate
under extremely high printing speed. These oriented
molecular chains then induced the generation of a
few a-row nuclei, and the surface of the row struc-
tures provided nucleation sites for B-crystal growth.
The content of B-crystals remarkably depends on the
shearing and stretching force controlled by printing
speed. As can be seen in Fig. 5, the relative content of
B-crystals Kg also increases with the increase in
printing speed at first, i.e., from 0 for PP/PE 300 to
6.56% for PP/PE 3000. However, when the printing
speed increases further to 6000 mm min~', the Kg
decreases to 4.92% because of the formation of
extremely high-oriented structures which have an
adverse effect for B-crystal growth [47, 48]. The K;
then increases to 5.92% for PP/PE 9000 with the
decrease in orientation degree. Moreover, note that
when the nozzle temperature is 220 °C and the
heated bed temperature is 80 °C, the sample printed

— PP/PE 300
] (111317110 PP/PE 600
—— PP/PE 3000

Intensity

2-theta(®)

Figure 4 1D-WAXD curves of various samples obtained from
circularly integrating intensities of 2D-WAXD patterns.
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Orientation degree
T T
£ N
Relative content of B crystals (%)

1]
[

PP/PE 300 PP/PE 600 PP/PE 3000 PP/PE 6000 PP/PE 9000
Sample name

Figure 5 Orientation degree and relative content of B-crystals of
iPP in various samples.

on the platform should have a relative long duration
at the temperature window of 100 ~ 130 °C, which is
beneficial for the B-crystal growth [48].

Two-dimensional small-angle X-ray
scattering

2D-SAXS measurement was used to further investi-
gate the crystalline morphology of components with
the obtained results shown in Fig. 6. The 2D scatter-
ing patterns of various samples are labeled (a—e), for
samples with printing speed of 300, 600, 3000, 6000
and 9000 mm min~', respectively. The correspond-
ing azimuthal scan of the 2D-SAXS patterns is also
shown in Fig. 7. Note that the melt infill orientation is
the vertical direction for all samples. It can be clearly
seen in Fig. 6a and b that for PP/PE 300 and PP/PE
600 samples, reflections only occur at directions 0°
and 180°, which can be identified by the azimuthal
angles in Fig. 7. This can be mainly ascribed to the
inferior orientation arrangement of iPP lamellae. As
discussed above, the orientation degree of iPP is
0.5045 and 0.6436 for PP/PE 300 and PP/PE 600,
respectively. The orientation degree of PE seems also
extremely low. However, it changes dramatically
when  the printing speed increases to
3000 mm-min~'. As can be seen in Fig. 6c-e, iPP
exhibits typical shish-kebab structures for all sam-
ples. Correspondingly, there are four pecks in azi-
muthal scan curves which locate at 0°, 180°, 90°
and — 90°. Normally, azimuthal angles distribute at
0° and 180° refer to the signal of the shish, whereas
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Figure 6 2D-SAXS patterns
at the intermediate zones of
various samples: a PP/PE 300;
b PP/PE 600; ¢ PP/PE 3000;
d PP/PE 6000; e PP/PE 9000.
The melt infill orientation is
perpendicular for all samples.

90°

146.5°180° 213.5°
A A A

-33.5° 0° 33.5°
A A A

Intensity

— PP/PE 9000
— PP/PE 6000
PP/PE 3000
— PP/PE 600
— PP/PE 300

1 1 1 1 1
-50 0 50 100 150 200 250
Azimuthal angle (degree)

Figure 7 Azimuthal scan of the 2D-SAXS patterns of various
samples.

azimuthal angles distribute at — 90° and + 90° refer
to the signal of the kebab. Moreover, the scattering
intensities at 90° and — 90° for samples with printing
speed of 3000, 6000 and 9000 mm min~' are much
stronger than that at 0° and 180°. This result is almost
opposite to samples printed with 300 and
600 mm min~}, indicating the formation of highly
oriented shish-kebab structures caused by the
increasing printing speed. Similar results were
observed by Shmueli et al. [49]. They designed a
novel apparatus which can measure the SAXS, MAXS
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and WAXS spectra of printed iPP structures with
micrometer resolution in situ during materials
extrusion 3D printing and found that the high shear
of the nozzle resulted in the formation of shish-kebab
structures in the iPP strands after extrusion. They
also observed that the shish-kebab structures formed
initially at the surface of the deposited strands and
propagated inward toward the core. However, for
PP/PE 3000, PP/PE 6000 and PP/PE 9000 samples,
besides the strong scattering signals which belong to
iPP oriented structures, there are other four scattering
signals uniformly distribute apart about £ 33.5° from
the equator direction separately. Compared with the
other studies concentrating on the crystalline mor-
phology of iPP/PE blends [34, 37, 38], these scattering
spots indicate the special epitaxial growth of PE
lamellae on the oriented iPP lamellae, that is, the
signals of epitaxy crystallization behaviors. It can be
seen more evidently in Fig. 7 that there are four
additional peaks at — 33.5°, 33.5°, 146.5° and 213.5° in
the upper three curves. Their relatively weak inten-
sity should be attributed to the minor mass ratio of
PE component, ie., 20% in this work. The further
observation of the peculiar epitaxy crystallization and
the formation mechanism will be discussed in the
next section.
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Crystalline morphology

The SEM micrographs of the cryo-fractured cross
section of PP/PE 300, PP/PE 3000 and PP/PE 9000
before chemical etching are shown in Fig. 8. Several
deposited layers are contained in each micrograph as
the layer thickness was set as 0.2 mm in this work. It
can be clearly seen from these figures that all the
samples are fully filled, showing dense cross sections
without any voids or cracks. The bonding interfaces
of adjacent layers and adjacent strands are com-
pletely invisible for all samples except for the inter-
faces of adjacent layers of PP/PE 9000 which are
slightly discernible. These results indicate that the
deposited material has good interfacial reaction
under the printing conditions, which are supposed to
promote the mechanical strength.

Figure 9 illustrates the SEM micrographs at the
intermediate zones of samples with different printing
speeds. To intuitively understand the relationship
between morphology and SAXS reflections, the rele-
vant 2D-SAXS pattern of each sample is inserted at
the corner. It is notable that the melt infill orientation
is horizontal for SEM images but is vertical for SAXS
patterns. After the samples have been chemically
etched in a permanganate etching solution, one can
clearly distinguish the iPP and PE crystals in the SEM
images according to their discrepant mass ratio. The
dark areas in the photographs refer to iPP matrix,
whereas the relatively white regions represent PE
phase. It can be clearly seen that for PP/PE 300 and
PP/PE 600 samples, where the printing speeds are
slow, the iPP crystals demonstrate isotropic growth
in the whole region without any orientation struc-
tures can be seen. Additionally, the minor PE phase is
uniformly distributed in iPP matrix with randomly
arranged crystal lamellae. It is known that PE phase
is incompatible with PP phase so they usually form a

J Mater Sci (2020) 55:14058-14073

so-called immiscible system. It can be inferred that
when printing with such slow speeds, both PE and
iPP molecular chains suffer relatively weak shearing
force and stretching force in the extrusion and
deposition processes, respectively, leading the iso-
tropic growth of both crystals. These results are
identical with the relevant SAXS signals.

However, things change dramatically when the
printing speed increases to 3000 mm min~'. As can
be seen in Fig. 9c-e, iPP phase in these samples
exhibits typical oriented crystalline morphology in
the whole region, with its lamellae aligns almost
vertical to the melt infill orientation. These oriented
crystals refer to shish-kebab structures formed during
the extrusion and deposition processes under high
printing speed, as certified by the inserted SAXS
patterns and the WAXD results discussed above.
Moreover, the dispersed PE phase mainly formed
inclined lamellae in these samples. This specific
crystalline structure also exists in the whole region.
With the evidence of XRD results, this special phe-
nomenon should be the typical epitaxy crystalline
morphology in PP/PE blends, which has been ade-
quately presented in previous studies [34-38, 50]. The
epitaxy crystallization is formed based on the geo-
metric lattice matching for the (100) lattice plane of
PE and the (010) lattice plane of iPP as PE chains can
exactly fit into the valleys formed by the methyl
groups of iPP [51]. It is worth noting that the average
length of the epitaxy crystalline structures decreases
with the increase in printing speed, and PP/PE 3000
sample possesses the longest epitaxy crystalline
structure. The unduly high printing speed such as
6000 and 9000 mm min~' would cause a high
stretching force during deposition and pull apart the
dispersed PE phase. Considering the fact that the
formation of highly oriented iPP matrix is the basis of
the epitaxy crystallization, the formation mechanism

Figure 8 Scanning electron microscopy micrographs of the cryo-fractured cross section for a PP/PE 300; b PP/PE 3000 and ¢ PP/PE

9000.
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Figure 9 Scanning electron microscopy micrographs at the
intermediate zones of different samples: a PP/PE 300; b PP/PE
600; ¢ PP/PE 3000; d PP/PE 6000; e PP/PE 9000. The relevant

of epitaxy morphology in the present work can be
explained as follows. During 3D printing, the poly-
mer melt undergoes external shearing force in the
nozzle-extrusion process and stretching force in the
strand-deposition process. Both forces are mainly
dependent on the printing speed, and they contribute
a lot to the orientation of molecular chains [19, 20, 52].
When the printing speed is slow, both forces are
insignificant and iPP matrix and PE phase distribute
randomly. However, high shearing and stretching
forces induced by the increased printing speed can
promote the molecular chains orient along the melt
infill orientation. iPP chains form highly oriented
shish-kebab structures in this case which can be
adequately remained after freezing, but the relatively
low molecular weight of HDPE and relatively high
molding temperature ensure PE chains to fully relax
and recrystallize onto the oriented iPP lamellae.
Finally, the peculiar epitaxy crystallization morphol-
ogy appears in the printed part.

Thermal behavior

The DSC melting curves of various samples are
demonstrated in Fig. 10. Notably, the PP/PE speci-
mens were cut from printed samples, while pure PP
and PE specimens were cut from their filaments. The
corresponding melting points and crystallinities are
also calculated from the DSC curves and presented in

2D-SAXS pattern of each sample is inserted at the corner. And in
particularly, the melt infill orientation is horizontal for scanning
electron microscopy but vertical for small-angle X-ray scattering.

Table 2. There are two melting peaks for PP/PE
blend, where the lower one refers to PE phase and the
higher one refers to PP phase. It can be clearly seen
from Table 2 that the melting points and crystallini-
ties of both iPP and PE phases exhibit slight varia-
tions with the change of printing speed. Moreover,
when compared with neat polymer, the melting point
and crystallinity of PP phase in different printed
samples also remain almost the same. But they

PP/PE 300

PP/PE 600

Heat flow (W/g)

80 100 120 140 160 180 200
Temperature (C)

Figure 10 DSC melting curves of various samples. Neat PP and
PE samples are cut from their filaments.
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change apparently for the minor PE phase. The
melting point of PE phase decreases about 3 °C from
neat PE to printed samples with various printing
speeds, while the crystallinity of PE phase increases
from 43 to about 50%. It is confirmed that the sample
temperature and shear flow have significant influ-
ences on the crystallization of semicrystalline poly-
mers during FFF [53-55]. Considering the processing
conditions in this work mentioned above, it can be
assumed that the crystalline behavior of PP phase can
be hardly affected but PE molecular chains show
strong opportunity for relaxation and recrystalliza-
tion. So PE phase tends to crystallize more com-
pletely, causing the final changes of its thermal

property.
Mechanical property

The impact strength of various samples is presented
in Fig. 11a. The impact strength of CPP and CPE is
342k m> and 13.38 k] m 2, respectively. The
higher impact strength of printed iPP/HDPE blends
compared with pure iPP can be partially attributed to
the better toughness of HDPE component. It can be
obviously seen that samples with high printing speed
of 3000 mm min~" have significantly higher impact
strength than samples with low printing speed. It is
worth noting that samples fabricated with high
printing speed cannot fully rupture during impact
test, which is opposite to slowly printed samples. The
typical sample images of PP/PE 300 and PP/PE 3000
after impact test are shown in Fig. 11b. The impact
strength of PP/PE 300 is the lowest for FFF samples,
which is 11.07kJm 2, and it increases to
14.19 k] m~2 for PP/PE 600. This improvement may
be ascribed to the higher B-crystal content of PP/PE

Table 2 Summary of melting points and crystallinities of various
samples calculated from the relative DSC melting curves

Sample PP phase PE phase
T, (°C) X (%) T (°C) Xe (%)

PP 164.30 34.54 - -
PP/PE 300 163.38 35.08 128.63 50.39
PP/PE 600 163.27 34.71 127.95 50.45
PP/PE 3000 163.67 34.83 128.62 50.58
PP/PE 6000 163.82 34.57 128.38 49.88
PP/PE 9000 164.44 34.71 128.53 51.09
PE - - 131.13 43.00
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600, as B-crystal is confirmed with a relatively better
toughness. However, when the printing speed
increases to 3000 mm min~', the impact strength
increases dramatically to 55 k] m~? which is about 5
times higher than that of PP/PE 300 sample. The
impact strength of PP/PE 6000 and PP/PE 9000
decreases to about 41 kJ m~2, but is still much higher
than PP/PE 300 and PP/PE 600. The unexpected
improvement can be explained in two aspects. On the
one hand, the highly oriented shish-kebab structure
of iPP phase induced by high printing speed can
largely enhance the impact strength. On the other
hand, the epitaxy crystalline structure of PE phase
formed in the samples with high printing speed will
further improve the impact strength [36-38, 50]. The
greatest impact toughness appears in PP/PE 3000
sample rather than samples with higher printing
speed such as 6000 and 9000 mm min . This should
be attributed to the relatively shorter epitaxy crys-
talline structure of PE phase caused by the exces-
sively high printing speed, as can be clearly seen in
Fig. 9.

Meanwhile, the impact fractured surfaces of PP/PE
300 and PP/PE 3000 samples are also observed to
better understand the variation of impact strength,
and the SEM images are shown in Fig. 11b. It can be
seen that the fracture surface of PP/PE 300 sample is
rough and rugged, and relatively dense without gaps
and voids in the whole range. However, things
change for PP/PE 3000 sample. Typical layered
structure can be clearly seen on the fracture surface,
with the thickness of each layer being 0.2 mm.
Apparent gaps exist among adjacent layers on the
cross section. In addition, some cracks also appear on
the fracture surface of each layer, making it much
more rough. It can be inferred from the above results
that in order to sustain the energy loading during
impact test, the gaps between adjacent layers and
cracks on the fracture surface form rapidly to prop-
agate external force, resulting in the extremely higher
impact strength compared with that of PP/PE 300
sample.

Application in 3D printing

In order to verify the printability and part quality of
the prepared PP/PE blend, some products including
a hollow cube, a multihole cube, a gear and a hexa-
gon ring were printed with their images shown in
Fig. 12. The original model shape of each product is
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Figure 11 a Izod impact strength of various samples; b Sample images after impact test and scanning electron microscopy micrographs of
their fracture surfaces. “A” refers to PP/PE 300 sample, and “B” refers to PP/PE 3000 sample.

Figure 12 Illustration of some
parts fabricated using the
prepared PP/PE blend
filaments, including a a hollow
cube, b a multihole cube, ¢ a
gear and d a hexagon ring,
with the original model shape
of each product inserted in the
upper right corner. The
printing parameters are shown
in Table 1 with a printing

speed of 3000 mm min "',
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inserted in the upper right corner of each image. The
printing parameters used to fabricate these parts are
the same as those listed in Table 1, and a printing
speed of 3000 mm min~' was selected. It can be seen
that parts with various geometric structures can be
perfectly fabricated with smooth printing procedure
and good shape retention. The surface finish of all
parts is also worthy to be affirmed. It can be inferred
that this developed blend filament is applicative in
3D printing technology, which enriches the material
field. Meanwhile, it is also effective to fabricate parts
with high mechanical performance by adjusting the
printing parameters as discussed above.

Conclusion

This work creatively selected iPP/HDPE blend as
raw material for FFF. The blend filaments were pre-
pared, and products with good shape retention were
successfully fabricated using the self-developed
printing platform. The variation of phase morphol-
ogy, thermal behavior and impact strength for sam-
ples with different printing speeds is discussed. Due
to the strong shearing force in the nozzle-extrusion
process and stretching force in the deposition pro-
cess, the PP phase can deform into highly oriented
shish-kebab structure and PE phase can form pecu-
liar epitaxy crystalline structure at a relatively high
printing speed. The oriented molecular chains are
parallel to the nozzle scanning direction. These
structures are confirmed to effectively improve the
impact toughness. The thermal behaviors of both
components barely change with the variation of
printing speed. As semicrystal polymer like iPP has
been rarely applied in FFF and the researches about
crystal structure are also limited, this work not only
extends the material field of FFF but also provides a
better understanding of the relationship between the
printing conditions and phase morphology.
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