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ABSTRACT: Triple-layer rotating co-extrusion is employed to fabricate hoop-enhanced polyethylene composite pipes with bionic
off-axial glass fiber (GF)-reinforced high-density polyethylene (HDPE) middle layer. One kind of super-“hybrid shish-kebab”-like
structures formed by GFs and interfacial lamellae tend to spirally align with a fiber deviation angle of 55.7° as the rotation rate
reaches 20 rpm. Encouragingly, the hoop strength and hydraulic damage resistance are improved by 25.5 and 24.1%, respectively,
even with a low fiber aspect ratio, which can be attributed to the enhanced hoop loading capacity and the energy dissipation effect of
crack bifurcation contributed by deviated hybrid structures. Innovatively, the relationship between processing field and structure
evolution has been systematically investigated by the simulation of melt flow track, shear rate, and flow rate, indicating that fiber
deviation is closely related to the shear rate. This work develops a feasible strategy with both academic value and industrial
application prospect for the hoop enhancement of fiber-reinforced HDPE pressure pipes and improves its adaptability to service

requirements as well.

1. INTRODUCTION

Playing the role of “artery” in the lifeline of the city, high-
density polyethylene (HDPE) pressure pipelines, such as water
and gas pipelines, have usually been perceived as one of the
important infrastructures in modern civilization owing to their
outstanding long-term properties, excellent chemical resist-
ance, and low cost. " For decades, the global population
growth and increasing need for drinking water infrastructure
have been expanding the demand for HDPE pipes with higher
pressure resistance. Synchronously, a series of stricter stand-
ards toward higher-performance HDPE pipe resins have been
incrementally established or further perfected nowadays.”®
Based on the continuous innovation of polymerization
technology and stronger appreciation of the molecular
structure modification, several generations of HDPE pipe
materials have emerged including grade PE63, PE8O, PE100,
and PE125.”” Nevertheless, these resins will inevitably face the
stress distribution defect when used as pressure pipes, of which
the hoop stress is twice as much as the axial stress.”” This

© XXXX American Chemical Society

WACS Publications

stress characteristic will bring the risk of bamboo-like splitting
for conventional extruded pipes due to the axial arrangement
(the extruding direction) of molecular chains. Commonly,
reinforcing fiber, such as low-cost glass fiber (GF), is always
utilized to improve the fracture strength of polymer
products.'”"" But, troubles still exist since the melt flow also
arranges fiber fillers axially; thus, the reinforcement effect will
only play an effective role in the axial rather than in the hoop
direction.

Complex biological structures undergoing natural selection
and evolution exhibit exceptional damage tolerance, which
provides heuristic strategies to design the high-performance
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Figure 1. (a) Schematic diagram of the rotating co-extrusion device. 1—bearing; 2—rotation sleeve; 3, S—sprocket; 4—mandrel; 6—
electromotor. The red arrows a, b, and c are the entrances of melt for inner, middle, and outer layers, respectively. (b) The model of triple-layer
composite pipe melt in the annular flow channel. (c) Viscosity—angle frequency curve and the cross-law fitting curve.

. L . 12,13 :
material structure, namely, bionic design. "~ For instance, the

Bouligand structure of Stomatopods shows sug)eri_or shielding
ability against catastrophic crack propagation.'”'> The spiral
fiber alignment inspired by this structure points out the way for
facturing fiber-reinforced composite pipe.'® It is worth
manufacturing p pip
noting that a kind of spiral flow mandrel'”'® has been widely
used for polyolefin pipes to avoid weld lines through a short
spiral flow induced by the spiral grooves on the mandrel
surface. Nevertheless, the axial flow still dominates the whole
flow path and the spiral flow only accounts for a small part.
Accordingly, a rotary extrusion technology is proposed to
realize the spiral fiber alignment by combining melt extrusion
with an additional hoop-rotation shear field."®"”~*" It has been
demonstrated to be effective in improving hoop properties by
forming off-axial alignment of oriented crystal structures in a
varietZ of pipe products, including PE,”* polypropylene
(PP),”*** and polybutene (PB)* pipes. In those works, the
hoop tensile strengths of PE, PP, and PB pipes increase by 45,
70.6, and 48.5%, respectively, by forming off-axially oriented
cluster-like crystallite, hybrid shish-kebab, or in situ microfibers
at mandrel rotation rates below 10 rpm. However, when the
fiber filler is added, the single-layer composite pipe will
possibly encounter the problems of floating fibers and the
difficulty of butt fusion welding, leading to the generation of
scales, the increase of fluid resistance, and the risk of weld
fracture. In addition, further improvement of the hoop rotation
rate is constrained because extremely high hoop components
in the spiral compound flow field can induce serious flow
instability. To solve the problem of floating fiber and improve
weldability, we have proposed a triple-layer rotating co-
extrusion strategy26 to prepare pipes with the composite
middle layer for reinforcement and the inner and outer layers
made of neat resin for coating. Deng”® elucidated that the
hoop tensile strength of the GF-reinforced triple-layer
polypropylene random copolymer pipe is successfully
enhanced by 56.3% with the hoop rotation rate of 60 rpm.
Due to the coating of neat resin layers, the pipe can be stably
extruded and has an excellent surface quality even when the
hoop rotation rate reaches up to 90 rpm, implying that the
triple-layer rotary co-extrusion can provide a larger hoop flow
component and higher productivity than the single-layer one.
The above endeavors demonstrated the multiscale structures
oriented spirally during rotary extrusions, such as the fibrous
filler or matrix crystal, can bring gratifying anisotropic
properties. Visual computer simulation, which can deal with
the complex polymer flow, is supposed to quantitatively reveal
the relationship among the compound shear field, off-axial

structure, and pipe performance. Li'’ and Yang’ elucidated the
gradient distribution of the shear and flow rates in annular
channels with the hoop shear field, clarifying the correlation
between the field condition and oriented structures (carbon
fibers or shish-kebab structures). Nevertheless, the lack of
systematic investigation on the extrusion process with
adjusting hoop fields, which is critical to guiding the fabricating
of high-performance pipes in the industry field, still calls for a
further and comprehensive investigation of flow simulation.
Meanwhile, the interface bonding between fiber fillers and

ix,””** one of the key elements for mechanical properties
of composites, has not been paid enough attention by those
researchers.

In the current work, the triple-layer rotating co-extrusion
technology was applied to prepare the hoop-enhanced HDPE
composite pipe with the inner and outer layers made of neat
HDPE and the middle layer made of GF/HDPE. The
multiscale structures, including reinforcing fiber and matrix
crystals, evolved with the gradient growth of the rotation rate
and have been analyzed and discussed in three observation
planes; their influence on pipe properties has also been studied
in detail. Furthermore, the melt flow track, shear rate, and flow
rate under various conditions are obtained via flow simulation,
and the quantified relationship between the external field and
the inner structure is established. As will be clarified, the hoop
performances of pipes are effectively enhanced by the spiral
alignments of GF, and interfacial lamellae deviated from the
axial direction at the corresponding rotation rate. This strategy
paves the way for the industrial fabrication of high hoop-
performance HDPE composite pipes with enhanced hydraulic
damage resistance.

2. EXPERIMENTAL SECTION

2.1. Materials. The HDPE (PE100, trade name 4902T,
with a density of 0.95 g/cm? and a melt flow rate of 0.23 g/10
min under the pressure of S kg at 190 °C) was commercially
available from Yangzi Petrochemical Company Limited
(China). The short-cut glass fiber (ESC13-4.5-S08A, with a
fiber diameter of ~13 ym and a fiber length of ~4.5 mm) was
purchased from Jushi Group Co. (China). The fiber was used
without any pretreatment.

2.2. Device and Sample Preparation. A schematic
diagram of a triple-layer rotating co-extrusion device is shown
in Figure la. Three single-screw extruders are employed to
provide melts (the parameters of extruders are listed in Table
S1). In a typical triple-layer rotating co-extrusion, the inner
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Table 1. Flow Boundary Condition Parameters of Melt Flow in Machine Head

model layer  volume flow rate of each layer (m?/s)

fitted melt parameters

simulated flow processes  V, on the rotating surface (m/s)

inner layer 2.39 X 107° zero shear viscosity 36132.3 Pa's RO 0
RS 0.15
middle layer 2.71 X 107¢ natural time 15s R10 0.31
R20 0.62
outer layer 2.74 X 107° cross-law index 0.64 RS0 1.55
R70 2.16
S ol T
h A, 1T
-anl-  CEEES
2 Axial tensile test
axial

| radial
3
— hoop

3 Hoop tensile test

Figure 2. Schematic diagram of sampling the test specimens from triple-layer pipes.

layer and middle layer melts first converge to form the double-
layer pipe melt. It moves to the rotation section and undergoes
a hoop shear field imposed by the rotation sleeve subsequently.
Finally, the double-layer pipe melt will be coated by the outer
layer after rotation shearing and extruded through the die.

The raw GF/HDPE composite pellets of the middle layer
were prepared through the twin-screw extruder (Coperion
STS-35) with a fiber content of 40 wt %, during which the
barrel temperature of the extruder was set at 170—200 °C from
hopper to die and with a screw speed of 400 rpm. Neat HDPE
was applied for inner and outer layers as stated above. The
temperature from hopper to rotating co-extrusion device
would be preset at 170—220 °C before the pipe preparing
process. The balance of extrusion and the expected thickness of
each layer is achieved by controlling their melt-conveying rates
by adjusting the screw speed of each extruder. Specifically, the
screw speed of the middle-layer extruder is 350 rpm and the
screw speeds of inner and outer layer extruders are both 310
rpm. In addition, various hoop shear fields were provided by
applying the rotational rates of 0, S, 10, 20, 50, and 70 rpm,
respectively. Once extruded from the die, the pipe blanks were
immediately sized by negative pressure and cooled by external
spray, and finally collected. The outer diameter of the pipe was
50 mm, with the thicknesses of the outer layer, middle layer,
and inner layer kept at 1.3, 2, and 1.3 mm, respectively. In
brief, these samples were named GFPEO, GFPES, GFPE10,
GFPE20, GFPES0, and GFPE70, respectively.

2.3. Flow Simulation. The melt flow behavior in the
annular channel of a triple-layer pipe was simulated using
Polyflow. As depicted in Figure 1b, a flow model with triple-
layer subdomains interconnected through fixed interfaces was
built. The inlets of the inner and middle layers were set at their
confluence point to simplify the flow model, while the outer
layer inlet was set at the beginning of coating. The rotation
section was defined to exert the hoop shear fields. Taking the
Cartesian axis (0, 0, 0)—(1, 0, 0) as the rotation axis, namely,
the central axis of the model, various tangential velocities could
be endowed on the rotation section boundary. In particular, a

no-slip condition was assumed between the melt and the
channel walls. The melt velocity at the model boundary could
be as follows:

On the stationary surface of the channel wall, V, =V, =0
On the rotating surface of the rotation sleeve, V, = 0 and
V. = 2znr
where V, and V; are the normal velocity and tangential velocity
of the polymer melt, respectively, n is the rotation rate (in
rpm), and r is the radius of the rotation sleeve surface (in mm).
Moreover, the generalized Newtonian fluid constitutive
equation combined with the cross-law for shear-rate depend-
ence of viscosity was used to deal with the flow behavior

T = 25(T, y)D (1)
_ o
T ) @)

where T is the extra-stress tensor; D is the rate-of-deformation
tensor; 7 is the shear viscosity and is a function of the local
shear rate j, the temperature T, or both; 7, is the zero-shear-
rate viscosity; 4, the nature time, is the inverse of the shear rate
at which the melt changes from Newtonian to power-law
behavior; and m is the cross-law index.

The model boundary conditions and the fitted rheological
parameters are listed in Table 1. Based on the practical
extrusion experiment, these simulated flow processes were
designated as Rx, where x means the chosen rotation rates. As
displayed in Figure lc, the rheological curve at 220 °C was
fitted by the cross-law after conversion according to the Cox—
Merz rule. The flow problem was simplified by neglecting
gravity, inertia terms, and viscous heating during simulation.
The steady-state method, the Picard iterations on viscosity, and
the mean least-squares technique were adopted for computing
the flow rate and the shear rate.

2.4. Characterization. 2.4.1. Polarization Light Micros-
copy. Polarization light microscopy (PLM) was adopted to
observe the residual length distribution of GF in GF/HDPE
raw pellets and the fiber arrangement in pipes. The composite
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Figure 3. Melt flow tracks of the triple-layer pipe melt during the rotating co-extrusion processes.

pellets were hot-pressed into thin films with a thickness of 50
um at 200 °C beforehand, and slices with a thickness of 30 um
along the hoop-radial plane (see Figure 2) of pipes were cut by
microtome. The optical observation was performed using the
optical microscope (DX-1, Phoenix Optical Co. China)
equipped with a camera (Nikon 500D digital camera).

2.4.2. Dynamic Rheological Characterization. The HDPE
and GF/HDPE pellets were hot-pressed into disklike
rheological samples with a thickness of 1 mm and a diameter
of 20 mm for 5 min at 190 °C and 10 MPa and then cooled at
25 °C and 10 MPa for another 5 min. The dynamic frequency
sweep was carried out at 220 °C on a parallel plate rotary
theometer (Thermo Scientific MARS III, Haake, Karlsruhe,
Germany) with a strain of 1% and an angle frequency between
0.63 and 628.3 rad/s.

2.4.3. Differential Scanning Calorimeter. The thermal
behavior of the raw pellets and pipe samples (5—8 mg) were
analyzed using a differential scanning calorimeter (DSC) (TA
Q200) device under a nitrogen atmosphere. For raw materials,
the heating—cooling—heating mode was adopted to eliminate
thermal history. Each sample was first heated from 40 to 200
°C with a heating rate of 50 °C/min and maintained for 10
min, and then cooled to 40 °C with a cooling rate of 10 °C/
min. Subsequently, they were heated to 200 °C for the second
time with a rate of 10 °C/min. While, with respect to pipe
samples, the melting behavior of each layer was investigated by
heating from 40 to 200 °C with a rate of 10 °C/min.
Crystallinity was determined by normalizing the integral of the
enthalpy peak from 60 to 180 °C with the melting enthalpy of
100% crystalline polyethylene (291 J/g).

2.4.4. Mechanical Properties and the Hydraulic Burst Test.
The axial and hoop mechanical properties were tested on a
universal testing machine (Instron 5567) with a cross-head
speed of 20 mm/min at 25 °C according to ASTM D638-14.
The mechanical test specimens and the clamp sketch of the
hoop tensile test are exhibited in Figure 2. Among them, the
axial mechanical test specimens were in dumbbell shape, with a
narrow section size of 20 mm X 4 mm X wall thickness (~4.6
mm); the ring specimens with a width of 13 mm were cut for
the hoop mechanical test. Not less than five specimens are
tested in each category.

In the hydraulic burst test, 1 m pipes were put in water at a
constant temperature of 20 °C for 1 h and then pressurized at
both ends with a growth rate of 0.5 MPa/s until the pipes
burst.

2.4.5. Scanning Electron Microscopy. Scanning electron
microscopy (SEM) characterization was performed using an
FEI (Nova Nano SEM450) SEM device on the cross section of
hoop-axial, hoop-radial, and axial-radial planes (Figure 2). The
observation surface was polished with 7000 mesh sandpaper
and then immersed into an etch solution at 60 °C for 7 h to
remove the amorphous phase selectively. Then, it underwent
the gold sputtering treatment before SEM characterization.
Each 200 mL etch solution contained sulfuric acid, phosphoric
acid, and distilled water (content ratio of 10:4:1), and 3 g of
potassium permanganate.

3. RESULTS

3.1. Flow Simulation Results. The melt flow tracks and
the flow rate range during rotating co-extrusion are principally
analyzed according to the simulation results. As displayed in
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Figure 4. (a) Contours of shear rate distribution in the X—Y axis section of the triple-layer pipe blanks and (b) the shear rate curves along line 1

during the rotating co-extrusion processes.

Figure 3, these tracks start from the radial midpoint of each
layer at the inlet. As the hoop shear field is introduced, the
melt flow in the rotation section shifts from the axial flow (RO)
to spiral flow (RS—R70) for the middle and inner layers, but
the outer layer melt invariably flows along the axial direction in
the coating step. One can observe from the contour colors that
the maximum melt rate increases from 0.014 m/s for RO to
0.216 m/s for R70, and the maximum rate region is transferred
from the outlet vicinity to the outer wall of the rotation
section. Simultaneously, the pitch of the spiral flow diminishes,
yet the flow distance and the cycle number increase. These
variations confirm that a high rotation rate will enhance the
flow rate by endowing the melt with a greater hoop rate
component. The flow rate drops to zero at the inner wall of the
flow model according to the no-slip condition, avoiding the
formation of rotation mark defects.

The shear rate, defined as the flow rate discrepancy between
adjacent microfluidic layers, reflects the gradient variation of
the flow rate. Figure 4a depicts the shear rate contours of pipe
melts in the X—Y axis section. The high shear rate region also
moves with the exerting of the hoop shear field as does the
flow rate. Under RO and RS conditions, these regions appear
close to the channel walls of the whole model, but when the
rotation rate exceeds S rpm, the shear rate at the rotation
section is higher than in other areas.

To further investigate the radial distribution of the shear
rate, a radial section line at the midpoint of the rotation section
(see line 1 in Figure 4a) was drawn and the shear rate along it
was recorded, as in Figure 4b. Shear rates at positions 0.295,
0.270, and 0.245 m, corresponding to the outer wall, inter
interface, and the inner wall of the rotating double-layer model,
are shown in Table 2. The shear rates on the outer and inner
walls of the middle layer increase remarkably from 7.5 and 1.2
s~! for RO and up to 27.1 and 36.9 s™' for R70, benefiting from
the amplified hoop field component. Moreover, the shear rate
in the inner layer shows a more rapid promotion due to the
higher velocity discrepancy between microfluidic layers caused
by the inner-wall sticking effect. Together, those results reveal
adequate quantitative data for the shear field of rotating co-
extrusion and provide valuable references for analyzing the
multiscale structure evolution in pipes.

3.2. Experimental Results. 3.2.7. Residual Fiber Length.
Figure 5 shows the PLM image of GF/HDPE composite
pellets and the length distribution of residual fibers randomly

Table 2. Shear Rates at Positions 0.295, 0.270, and 0.245 m
along Line 1

shear rate at positions along line 1 (s™)

simulated flow processes 0.295 m 0.270 m 0.245 m
RO 7.5 1.2 5.6
RS 7.8 2.6 6.8
R10 8.7 S.1 9.4
R20 11.1 104 15.8
RS0 20.3 26.3 37.4
R70 27.1 36.9 52.5

counted by Imagepro. As expected, the twin-screw extruder has
an excellent mixing efficiency on the composite system, but the
strong shear stress exerted by the twin-screw shearing®® and
the granulation cutting’® may lead to the undesirable fracture
of GFs, which may cause a lower reinforcement efficiency.’’ In
our case, the average residual length of GF in pellets is 118 pum,
which means only 2.6% of the original length (~4.5 mm) has
been kept. Nearly half of the fibers are between 75 and 100
pum. According to the critical fiber length theory given by Kelly
and his colleagues,%2 33 the aspect ratio of the critical fiber
length I, and fiber diameter d is defined as

. o

d 2t (3)

where o is the intrinsic strength of the reinforcing fiber and 7 is
the interfacial shear strength. Fibers with a length below I will
not carry the load matching their intrinsic strength, implying
that some of them will be pulled out instead of breaking while
the product fractures. Despite no accurate critical aspect ratio
reported for GF/HDPE systems, we have learned that more
than 30 wt % glass fibers w1th aspect ratio of 15.7 can only
show a slightly reinforcement.”* The GF diameter here is ~13
pum, so the average aspect ratio is 9.1, implying that the
majority of residual fibers have lower aspect ratios than the
above-mentioned case. That is, this length level of the residual
fiber may hardly provide us with an expectation of effective
reinforcement.

3.2.2. Mechanical Property and Hydraulic Damage
Resistance. Figure 6a,b depicts the hoop and axial mechanical
properties of the rotating co-extruded triple-layer pipes with
the GF/HDPE composite middle layer. The hoop tensile
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Figure S. (a) PLM image of film hot-pressed from GF/HDPE composite pellets and (b) length and distribution of residual fibers counted from the

PLM image.
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Figure 6. (2) Hoop mechanical properties and (b) the axial mechanical properties of pipes prepared with various rotation rates. (c) Bursting

pressures and failure modes of GFPEO and GFPE20.

strength and hoop elongation at break of GFPEO are 23.9 MPa
and 16.2%, respectively, while its tensile modulus is 461.7
MPa, which is only able to be compared parallelly in our study
as a calculated value. As also can be noticed, the hoop tensile
strength and modulus of pipe begin to increase with the
rotation rate increasing. The hoop tensile strength of GFPE20
reaches 30.0 MPa with an increment of 25.5% in comparison
to GFPEQ; meanwhile, the corresponding tensile modulus is
improved by 36.9%. Once the rotation rate exceeds 20 rpm,
both of them do not change much anymore. Nevertheless,
those results are still inspiring because they verify the
reinforcing effect of GFs on the hoop mechanical properties
in spite of the relative low aspect ratio. Instead, the hoop
elongation at break shows a downward trend with the increase
of the rotation rate.

Changes in the axial mechanical properties with the rotation
rate show an opposite trend to that of the hoop mechanical
properties. After applying the hoop shear at a rotation rate of

10 rpm, the axial tensile strength and modulus decrease from
25.0 and 965.8 MPa to 22.2 and 827.0 MPa for GFPEQ. For
GFPE20 with the maximum hoop tensile strength, the axial
tensile strength and modulus are 10.5 and 14.7% lower,
respectively, those of GFPEO. Meantime, the axial elongation
at break increases from 33.5% for GFPEO to 37.2% for
GFPE20.

Given that the optimal hoop reinforcement appears at the
rotation rate of 20 rpm, the bursting test is adopted to compare
the hydraulic damage resistance of GFPE20 and GFPEO. As
shown in Figure 6c, the burst pressure increases from 5.4 MPa
of GFPEO to 6.7 MPa of GFPE20 with an amplification of
24.1%. The bursting crack of GFPEO develops along the axial
direction, while the axial growth of the GFPE20 crack seems to
be hindered, forming hoops extending branches at both ends
of the crack. This evolution in crack growing behavior will help
dissipate the crack growth energy and prevent the axial crack
propagating to a larger distance. To sum up, the additional
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Figure 7. PLM images of pipes observed in the hoop-radial plane: (a, a’) GFPEO, (b, b’) GFPEI10, and (c, ¢’) GFPE70.

hoop shear field indeed plays an effective role in the
enhancement of hoop strength and hydraulic damage
resistance.

3.2.3. Fiber Distribution Evolution. It has been well
accepted that mechanical properties of polymer products are
greatly determined by the inner multiscale structure. To clarify
the mechanism for hoop enhancement, the microstructure,
including GF distribution and matrix morphology of pipes, is
analyzed.

Figure 7 displays the PLM images observed in the hoop-
radial plane of pipes. The GFs in the middle layer of GFPEO
(see Figure 7a,a’) are presented in dot formation, that is, they
are perpendicular to the observation plane, or axially oriented.
But for GFPE10 (Figure 7b,b’) and GFPE70 (Figure 7c,c’),
the GFs are dispersed in a linear formation, indicating that the
fibers have deviated from the axial direction. Moreover, it is
obvious that, in GFPE70, a small number of fibers migrate to
the inner layer (marked by the arrow), and the reasons will be
discussed in the following section.

The SEM images at the outer wall of the middle layers of the
pipes observed in the hoop-axial plane are depicted in Figure 8.
It is easily seen that GFs are uniformly arranged along the axial
direction in GFPEO. As the rotation rate increases to 20 rpm,
the GFs in the visual field are gradually deviated from the axial
direction, indicating that the fibers are spirally aligned in the
pipe as expected. Here, the average angles by which fibers
deviate from the axial direction are counted randomly.
Consistent with the variation trend of the hoop performance,
the fiber deviation angle reaches up to 55.7° for GFPE20 but
does not increase any more with a higher rotation rate. Thus,
we can reasonably infer that the hoop property of the pipe is
highly correlated with the deviation of GFs that the aligned

fibers may have a superior load-bearing capacity in their
orientation direction.”

To further explore the radial distribution of the GF
arrangement, the hoop-radial and axial-radial planes of pipes
are also characterized by SEM, as shown in Figure 9. The dot-
formed fibers in the hoop-radial plane of GFPEO (Figure 9a,a’)
imply that GFs are oriented along the axial direction. As for the
GFPE10 (Figure 9b,b,’,b,’), the GFs are dispersed as short
lines extending out of the matrix. It is easy to identify the off-
axial GFs, although some of them are abraded during sample
polishing. Furthermore, an obvious radial distribution discrep-
ancy of fiber deviation exists in the hoop-radial plane of
GFPE70 (Figure 9¢), that is, the fibers close to the outer layer
(Figure 9¢c,’) and inner layer (Figure 9c,”) are shown as short
linear and long linear, respectively. The idealized fiber
orientation diagram (Figure 9g) provides a better explanation
of the GF orientation state, in which scattered dots, short lines,
or long lines represent fibers parallel, deviated, or perpendic-
ular to the normal of the section, respectively. As expected, the
above-mentioned orientation distribution of GFs is well
matched in the axial-radial plane (Figure 9d—f). Especially
for GFPE70 (Figure 9ff,,f,’), the short-line and dot-
distributed GFs can be found right by the outer wall and
inner wall of the middle layer, respectively; among them, the
latter has a greater deviation. Undoubtedly, the off-axial fiber
alignment with “bionic spiral bouligand structure” is
successfully formed through spiral melt flow in rotating co-
extrusion. In addition, the SEM results also present the
migrated fibers in the inner layer of GFPE70 (Figure 9c,f),
which has been verified in PLM observation.

3.2.4. Matrix Crystal Evolution. 1t is well established that
product properties are also affected by matrix crystallization
behaviors under the action of an external field.**™** DSC
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Figure 8. GF distributions in the hoop-axial plane of the GF/HDPE middle layers (magnification of X150): (a) GFPEO, (b) GFPES, (c) GFPEI0,
(d) GFPE20, (e) GFPESO, and (f) GFPE70. The arrows indicate the average deviation angle of GFs, which are arranged along the axial direction in

GFPEO.

measurements were conducted to visualize the thermal
property, and, herein, the melting curves and crystallization
information of raw materials and each pipe layer are available
in Figure 10 and Table 3 for comparison. Obviously, in
contrast to the HDPE raw pellet, the GF/HDPE pellet has a
higher melting temperature (T,,) but a slightly lower
crystallinity (X.). From the pipe perspective, T,, shows a
slightly increasing trend from the outer to inner layer overall
because it is highly dependent on the distribution of the
temperature field in which the cooling rate of the inner layer is
slower than that of the outer layer, and is referred to the heat
conduction effect of the multilayer wall."” Due to the fastest
cooling rate, the outer layer experiences the shortest
crystallization time, thus showing both the lowest T, and X..
However, the highest X_ appears in the middle layer instead of
the inner layer, which is not consistent with the trend of T,,. In
addition, under the action of the hoop shear, the X, of the
middle layer increases from 70.6% for GFPEO to 79.2% for
GFPE70, but the homologous variation does not occur in the
inner layer. Thus, we can rationally infer that the fibers play a
key role in the process of shear promoting matrix
crystallization.

For raw pellets, the T, and X of HDPE are 132.4 °C and
73.4%, and the T, and X_ of GFPE are 134.8 °C and 72.2%,
respectively.

Considering the fiber deviation responding to the hoop
shear and the subsequently promoted matrix crystallization, the

corresponding crystal morphology is also worth further
studying. Figure 11 depicts the etched crystal morphology in
the axial-radial plane. Clearly, at the interface where GFs are
detached during the grinding or etching process, the crystal
morphology is quite different from that inside the matrix. In
general, the HDPE lamellae are randomly distributed inside
the matrix but form oriented lamellae at the interface. For
samples prepared at a low rotation rate (GFPES and GFPE10),
there seems to be no obvious deviation of interfacial lamellae,
which lags behind that of GF. Nevertheless, the interfacial
lamellae deviation becomes pronounced when the rotation rate
reaches 20 rpm, concurrent with the increase of the hoop
tensile strength; thus, the interfacial lamellae deviation may
also account for the pipe properties besides reinforcing fibers.
The lamellae deviation is also confirmed in the hoop-radial
plane and the axial-radial plane (Figure S2), where the hoop
orientation becomes remarkable and the axial orientation fades
gradually with the increased rotation rate.

4. DISCUSSION

The above results demonstrate that the spirally oriented
microstructures combined with increased crystallinity are
obtained in the middle layer with the introduction of a hoop
shear field during co-extrusion, and, as a result, the hoop
strength and hydraulic damage resistance of pipes are
successfully improved. In this section, we will try to reveal
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Figure 9. GF distributions in the (a—c) hoop-radial plane and (d—f) axial-radial plane of pipes. The outer, middle, and inner layers are from top to
bottom. Images (a’—f,’) are magnified from the rectangle areas in (a—f). (g) Schematic diagram of three kinds of idealized fiber arrangements

within the matrix and at section.

(a) HDPE
~——— GF/HDPE
=
g
5 \
o \
» \
(3] \
z !
[=} V)
= |
= |
v
5

_~
=2
e

Heat flow exo up (W/g)

Inner “mes -
layer

GFPES0

\_GFPET70
GFPEO i
" GFPE10 H
Middle ~ croeey \Y/

layer
\_GFPE70

\_GFPEO w

GFPEI0 :

uter
layer

GFPES0 w

\_GFPE70

80 120 160 200

Temperature (°C)

40

80 120 160
Temperature (°C)

40 200

Figure 10. DSC curves of (a) raw pellets and (b) each layer of pipes prepared with different rotation rates.

Table 3. Melting Point and Crystallinity of Raw Pellets and
Each Layer of Pipes

inner layer middle layer outer layer

pipe samples T, (°C) X, T,, (°C) X, T,, (°C) X,
GFPEO 133.4 69.0 133.3 70.6 133.8 64.9
GFPE10 135.2 69.9 133.9 71.7 132.5 65.9
GFPESO 133.2 72.0 134.2 72.2 132.7 65.7
GFPE70 133.1 69.2 133.1 79.2 132.1 65.4

the microstructure evolution mechanism behind the perform-
ance enhancement of rotating co-extruded pipes.

First, how the microstructures evolve in the controlled shear
field must be clarified. The simulated melt flow rates along the
radial section line 1 (see Figure 4a) are recorded in Figure S1.
Similar to the gradually increased shear rate, the flow rate on
the outer wall of the rotating model also shows a growing
tendency, which increases from 0 m/s for RO to the maximum

of 0.216 m/s for R70. However, in Figure 8, the GF deviation
angle on the outer wall of the middle layer slightly decreases
when the rotation rate exceeds 20 rpm, which does not keep in
line with both the field parameters above. So why does fiber
deviation angle decrease at a high rotation rate? In fact, the
answer can be drawn from the discussion on the radial
distribution of GFs in GFPE70. The SEM images of GFPE70
(Figure 9¢c,c/’,c,’) show that some GFs migrate into the inner
layer, and more pronounced fiber deviation occurs near the
inner wall rather than the outer wall of the middle layer. While
for simulated R70 conditions, the inner layer possesses higher
shear rates but lower flow rates than the middle layer.
Therefore, it is clear that the shear rate plays a greater role in
fiber deviation than the flow rate; otherwise, the larger
deviation angle should appear on the outer wall of the middle
layer. Thus, the gradually increased deviation angle of GF
should be attributed to the incremental shear rate before the
rotation rate reaches 20 rpm. Meanwhile, it can also be
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Figure 11. Morphologies in the hoop-axial plane of the GF/HDPE middle layers (magnification of X12000): (a) GFPEO, (b) GFPES, (c)
GFPE10, (d) GFPE20, (e) GFPESO, and (f) GFPE70. The upward arrow points in the axial direction.

reasonably inferred that the slight decrease of the deviation
angle at a higher rotational rate is independent of the high flow
rate itself, but is possibly due to the local instable flow caused
by the high rotational rate, which cannot reflect the true rate
discrepancy between microfluidic layers in practical cases.
The GF not only plays a key role in the process of shear
promoting matrix crystallization for the middle layer but also
impacts on the matrix crystal morphology. Herein, the HDPE
lamellae are oriented at the interface and randomly distributed
inside the matrix for all samples (see Figures 11 and S2); thus,
we can draw a conclusion that the influence of fiber on
crystallization is mainly close to the interface. To illustrate the
function of GF, the dynamic rheological sweeps are employed
for raw materials and the storage and loss modulus (G’ and
G") curves are available in Figure S3. The frequency at the
intersection of the G’ and G” is inversely related to the
characteristic relaxation time of the polymer melt.""**
Apparently, in comparison to HDPE, the GF/HDPE melt
exhibits “gel” behavior with a significantly increased relaxation
time, owing to the good compatibility between the commercial
GF and the resin molecular chain through a sizing agent. In the
extruding process, the molecular chains in the HDPE melt are
disentangled and oriented along the flow field. Subsequently,
during the cooling process, this “gel” characteristic places
strong restrictions on the relaxation of oriented molecular
chains near the interface, and thus, oriented lamellae can be
formed. As to the area inside the matrix, random lamellae are
generated due to the rapid relaxation of oriented chains.

Based on the discussion of the evolution of GF and matrix
morphology above, the schematic diagrams of multiscale
microstructures and crack growth in GFPEO and GFPE20 are
illustrated in Figure 12. It is not hard to imagine that the
oriented interfacial lamellae endow the composite system with
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a Axial flow
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Figure 12. Schematic diagram of microstructures and crack growths
in GFPEO and GFPE20.
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better interfacial properties through mechanical interlock-

ing,43’44 conducive to the stress transfer between the matrix

extent. The combination of the off-axial fiber and interface
lamellae is just like a super-hybrid shish-kebab structure, which
overcomes the defect of the fiber length and exerts the
orientation reinforcement of fiber as much as possible. In
comparison to GFPEOQ, the super-“hybrid shish-kebab”-like
structure, arranged in a bionic spiral formation, improves the
hoop bearing capacity for GFPE20 through a remarkable hoop
deviation. Also, with the deviated hybrid structure acting as a
“roadblock”, the axial growth of the crack is blocked and
bifurcated to dissipate energy in the bursting test. Despite the
axial strength loss by 10.5%, the hoop strength and burst
pressure of GFPE20 are enhanced by 25.5 and 24.1%,
respectively. These superior performances match the purpose
of the study of improving the adaptability of pipe to loading
conditions and reducing the long-distance growth risk of the
axial crack and also avoid the possible problems in single-layer
rotary extruded pipe, such as the conveying resistance caused
by the rotating trace and the welding difficulty induced by the
floating fiber. Furthermore, it is expected that longer residual
fiber may bring greater enhancement anticipate, which will be
investigated in our future research.

5. CONCLUSIONS

Hoop-reinforced triple-layer HDPE composite pipes with a
bionic design strategy of the GF/HDPE middle layer were
fabricated through the triple-layer rotating co-extrusion.
Inspiringly, the hoop strength and hydraulic damage resistance
of GFPE20 are effectively enhanced by 25.5 and 24.1%,
respectively, in comparison to those of GFPEO, even with the
relatively low aspect ratio of residual fibers. The quantitative
relationship between the rotating co-extrusion conditions and
multiscale structures including GF and matrix crystals is
systematically established via computer simulation. This work
sheds light on the formation mechanism of “hybrid shish-
kebab” structure and axial crack’s “roadblock” for the
combination of GF and interfacial lamellae induced by the
compound helical shear field, providing effective guidance for
the hoop deviation control of multiscale structure in pipe
production. Furthermore, it develops a facile hoop-enhance-
ment approach with both academic and industrial value for
polyethylene pressure pipes improving the adaptability to
production and application requirements.
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