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Abstract

Herein, we report a new method of introducing circumferential shear to poly-

propylene (PP) pipes via a self-designed rotational shear system (RSS) with the

addition of a β-nucleating agent (TMB-5). The prepared PP pipes exhibited

remarkable enhancement in toughening and tensile strength over conven-

tional PP pipes incorporating 0.025 wt% of the nucleating agent into the

sheared sample increased the elongation at break to 243.30%. At 0.05 wt%

nucleating agent content, an optimal tensile strength of 40.98 MPa was

attained compared to 33.62 MPa for unsheared PP, and the elongation at break

also reached 108.09%. In creep tests, the PP pipes prepared with nucleating

agents and shear rotation exhibited a minimum displacement of 2.1 mm and

the lowest creep rate of 3.23 � 10�5 mm/s. In addition, the samples also

showed a high resistance to crack growth compared to conventional PP pipes

with a crack initiation time of 24 h and a crack growth rate of 0.08 mm/s.

Highlights

• Reinforced and toughened PP pipes were prepared using a rotational shear

system.

• The shish-kebab structure and β-crystals exhibited a synergistic effect.

• Both short-term and long-term mechanical properties were studied.
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1 | INTRODUCTION

Polypropylene (PP) has been widely used for drainage pipe-
lines due to its low cost, chemical resistance, and excellent
processability.1 Traditional pipe extrusion processes tend to
align PP molecular chains along the extrusion direction,
resulting in superior axial strength. However, under operat-
ing conditions, pipelines are subjected to circumferential
stress that is twice the axial stress.2 Additionally,

α-spherulites formed in PP pipes lead to relatively low
toughness. The poor circumferential strength and low
toughness of PP pipes under high sustained stress limit
their lifespan. Thus, the improvement of the above
performance-limiting factors has the potential to increase
the service life of pipes, reduce maintenance costs, and
achieve more environmentally friendly applications.

A promising technique to simultaneously improve the
circumferential strength and toughness is through
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rotational extrusion with the addition of β-nucleating
agents. Conventional PP contains predominantly
α-crystals that are densely packed with fewer intercrystal-
line contacts. The well-defined interfaces are prone to
crack initiation under rapid external loads.3 In contrast,
the β-crystal structure is less densely packed and offers
mobility of molecular chains. Micropores formed in such
microstructures allow plastic deformation and absorb
impact energy, resulting in better toughness.4 Neverthe-
less, an excessive amount of β-crystals can significantly
reduce the strength of the pipes, and therefore, must be
avoided. Several studies5,6 have indicated that high shear
forces can suppress the generation of β-crystals in
PP. Moreover, under the external force field, the polymer's
unique long-chain structure will be arranged along the
direction of the flow field, forming an orientated or shish-
kebab structure, which has been recognized to greatly
improve the mechanical properties of the material.7,8

These insights lead to the approach of combining extru-
sion with the addition of β-nucleating agents under a rota-
tional field to enhance molecular chain orientation and
avoid excessive generation of β-crystals, which is suitable
for preparing high-strength and high-toughness PP pipes.

Besides, PP pipes are often used in low-temperature,
low-pressure environments for an extended period. Cracks
initiated at stress concentration points develop and propa-
gate over time, leading to brittle failure. This is known as
slow crack growth, the primary failure mode of plastic
pipes. Another concern for the long-term use of PP pipes is
a creep, which stems from the viscoelasticity of polymers.
The creep-caused deformation in PP pipes can compromise
the structural integrity and the sealing capacity of pipe
joints after long-term stress. The single study of short-term
mechanical properties cannot provide sufficient data sup-
port for the long-term service of the pipes, so the study of
long-term mechanical properties becomes particularly
important, which well shows the structural changes of the
material under long-term stress. Research9 indicates that
highly oriented fibers can withstand greater external stres-
ses, significantly increasing creep resistance. Both crystal-
line regions and amorphous regions in PP play crucial roles
in resisting creep.10 Our previous work successfully
increased the yield strength of the β-nucleated isotactic PP
by generating β crystals and inducing crystal orientation by
applying a vibration shear field using a homemade
Vibration-assisted Extrusion Apparatus.11 However, this
increase in strength sacrifices the elongation at break. Fur-
thermore, Wang et al.12,13 have prepared high-performance
HDPE and PP pipes by adjusting the rotational speed of an
extruder head with a mandrel and die that can rotate in
the same direction to improve the molecular chain orienta-
tion. We discovered that PP pipes prepared under rota-
tional shear fields have significant differences in their

microstructures compared to conventional pipes.14,15

Therefore, the potential microstructural and performance
changes of β-nucleated isotactic PP under rotational shear
fields have aroused our widespread interest.

As a widely used product, it is particularly significant
to improve the performance of PP pipes in a targeted
manner, taking into account the operating conditions
and the performance shortcomings of the material itself.
In this study, we adopted a rotational shear system (RSS)
to exert circumferential shear on β-nucleated PP pipes via
an externally applied rotational field. By comparing with
conventional PP pipes, the synergistic effect of crystal
structure improvement and molecular chain orientation
on the long- and short-term mechanical properties of
pipes under rotational shear was systematically studied,
and the mechanism was elucidated. We aim to optimize
the performance of PP pipes, providing guidance for
developing high-performance polymer piping materials
and novel processing methods.

2 | EXPERIMENT

2.1 | Material

Isotactic PP (iPP) was provided by Lanzhou Petrochemical
Co., Ltd. The grade is T30, with a density of 0.91 g/cm3 and
a melt index of 2.60 g/10 min. The β-nucleating agent was
TMB-5, an amide-type nucleating agent provided by the
Shanxi Provincial Institute of Chemical Industry Co., Ltd.
During the processing, TMB-5 dissolves in the resin melt
and forms rod-shaped crystals with a relatively large aspect
ratio, thereby facilitating nucleation and subsequent
crystallization.

2.2 | Apparatus and sample preparation

The process of blending iPP with TMB-5 was conducted
using a twin-screw extruder manufactured by China
Bluestar Chengrand Co., Ltd. The extruder has a screw
diameter of 25 mm, a length-to-diameter ratio of 33.
There are seven temperature control zones along the bar-
rel with a heating capacity of 10 kW. During blending,
the temperatures of the extruder zones were adjusted pro-
gressively from the hopper to the die, starting at 150�C
and increasing to 180, 185, and 190�C (maintained across
three zones), and finally 200�C at the die. The twin-screw
extruder operated at a rotational speed of 132 rpm while
the pelletizer was set to 120 rpm.

To ensure uniform dispersion of TMB-5 in iPP, a mas-
terbatch was prepared with 2 wt% TMB-5, which was then
blended with pure iPP to achieve the desired ratio. A
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previous study16 showed that PP structures in the presence
of TMB-5 vary with the nucleating agent content. Below the
subcritical content, quasi-spherulites are primarily formed,
while above the subcritical content but below the supercriti-
cal content, microcrystals are generated. Above the super-
critical content, crystallization occurs on the surface of the
nucleating agent crystals. Our experiment investigated the
structural variations across a range of nucleating agent con-
tents, specifically 0.025, 0.05, 0.1, and 0.2 wt%, following a
logarithmic distribution. The pure iPP was used as the con-
trol sample and designated as 0 wt%.

After blending, the mixture was dried in a constant tem-
perature blast dryer set at 80�C for 6 h. A self-made RSS, as
illustrated in Figure 1, was utilized to extrude PP pipes with
an outer diameter of 63 mm and a thickness of 3 mm. This
apparatus ensures consistent circumferential shear stress
throughout the plasticization and extrusion process. For
sample preparation, the extruder temperatures were set at
145, 205, 220, and 210�C from hopper to die, respectively.
Once the temperature of the mold core reached 150�C, the
extruder was activated to transfer the plasticized polymer
melt into the mold cavity, and the cooling device was acti-
vated. Upon filling the mold, the screw began to rotate at a
speed of 6 rpm. The rotation of the mandrel stopped when
the cavity temperature dropped to 132�C, and the shearing
duration was 90 s. The cooling system was deactivated
when the temperature reached 110�C (Figure 1).

2.3 | Characterizations

2.3.1 | X-ray diffraction

The experiment on synchrotron two-dimensional wide-
angle X-ray diffraction (2D-WAXD) was carried out at
the BL16B1 beamline of the Shanghai Synchrotron Radi-
ation Facility (SSRF) located in Shanghai, China. The
light source had a wavelength of 0.124 nm, and the

samples were exposed for a duration of 5 s. The beam
was rectangle-shaped with a dimension of 0.3 � 0.5 mm.
The sample-to-detector distance was 140 and 1900 mm
for wide-angle X-ray diffraction (WAXD) and small-angle
X-ray scattering (SAXS), respectively.

Linear WAXD profiles were obtained from the circu-
lar integration of intensities from 2D-WAXD images. The
intensity was plotted as a function of the scattering vec-
tor, q, where q = 4π sin θ/k, with k being the wavelength
of the incident beam and 2θ being the scattering angle.
Subsequently, through deconvolution of the diffraction
peaks in the linear WAXD profiles, the relative amount
of β-phase (Kβ) was calculated by the widely accepted for-
mula proposed by Turner-Jones and Cobbold17

kβ ¼ Aβ 300ð Þ
Aβ 300ð ÞþAα 110ð ÞþAα 040ð ÞþAα 130ð Þ ð1Þ

where Aα (110), Aα (040), and Aα (130) are the intensities
for α-form peaks at the (110), (040), and (130) planes,
respectively, while Aβ (300) is the intensity of β-form
peak (300), as observed in the 1D-WAXD pattern.

The orientation parameter of crystals was evaluated
using Herman's method, which was defined as follows:

f ¼ 3 cos2φð Þ�1
2

ð2Þ

where cos2φ is an orientation factor defined as follows:

cos2φ
� �¼

Z π
2

0
I φð Þsinφcos2φdφ
Z π

2

0
I φð Þsinφdφ

ð3Þ

where φ is the angle between the normal of a given (hkl)
crystal plane and the direction of shear flow, and I(φ)

FIGURE 1 Schematic

diagram of the rotational shear

system and process flowchart:

1, Motor; 2, Heating control

system; 3, Upper mold;

4, Mandrel; 5, Lower mold;

6, Cooling system; 7, Plasticizing

system; 8, Pipe.
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represents the diffraction intensity. The (040) diffraction
rings in the two-dimensional patterns were chosen for
calculating the degree of orientation in this study.18

From 2D-SAXS images, a small angle curve can be
derived, and then the long-period lac can be obtained
according to the Bragg formula:

lac ¼ 2π
qmax

ð4Þ

Grzzuti19 proposed a micro-rheological theory to
describe the crystallization induced by external force
based on the Doi–Edwards (De) theory, considering the
competition between molecular chain stretching and
relaxation in the formation of spherulites. This competi-
tion can be quantitatively described using the De value:

De¼ γ � τd ð5Þ

where γ is the shear rate and τd is the molecular chain
end relaxation time. Only when De<1, the effect of the
external force field on the molecular chain is dominant
and the elongational deformation can be retained, even-
tually leading to the formation of spherulites. Numerous
experiments19–21 have confirmed that the larger the De
value, the easier it is to form spherulites.

2.4 | Differential scanning calorimetry

The crystallinity of the samples was assessed through dif-
ferential scanning calorimetry (DSC) using a TA Instru-
ments Q200 model. The testing conditions involved
heating the sample from room temperature to 200�C at a
rate of 10�C/min.

The degree of crystallinity (Χc) was calculated using
the following equation:

Χc ¼ΔHm

ΔH0
m

ð6Þ

where ΔHm is the measured enthalpy of fusion of the test
sample and ΔH0

m is the standard enthalpy of fusion for
fully crystalline PP, with a value of 207 J/g.

2.5 | Scanning electronic microscopy

Scanning electronic microscopy (SEM) observations were
conducted using a JEOL field emission SEM (model JSM-
7500F, Japan). Samples were cut from the pipes along the
axial direction, chemically etched with a mixed acid solu-
tion after polishing, and finally sputter-coated with gold.

2.6 | Mechanical properties

Circular rings approximately 8 mm in length were cut
along the axial direction of the pipe for radial tensile test-
ing at room temperature. Due to the inability of the circu-
lar ring samples to be firmly gripped by the conventional
dumbbell-shaped specimen grips of the tensile machine,
we customed fixtures for holding the circular rings, as
shown in Figure 2. Note that during the tensile process,
the circular ring is subjected to tension at both ends until
it breaks, so the force area is calculated by doubling the
cross-sectional area of the ring. The tensile tests were per-
formed on Shimadzu AGS-J desktop universal material
testing machine with a set extension rate of 10 mm/min.
Five tests were conducted per specimen, and the average
values were reported.

2.7 | Creep testing

The creep behavior of the pipes was investigated using a
custom-made creep testing apparatus, as shown in
Figure 3. This apparatus consists of a temperature control
unit, a displacement acquisition system, and a sample
clamp. Similar to the tensile test samples, the pipes were
cut into 8 mm thick circular rings. The specimens,
clamped on the fixture, were pre-loaded and placed in
the constant temperature chamber at 80�C. Subsequently,
the displacement data was captured every 5 s and logged
onto a computer system. The pre-defined load was set at
10 MPa, comprising the combined weight of the connect-
ing rod, balance, and additional weights. The tests con-
tinued until the specimen was pulled apart, lasting
approximately 28 h.

For data processing, we utilize the following
equations:

FIGURE 2 Schematic diagram of tensile test setup.

4 ABUDUREZHAKE ET AL.
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1. Strain is defined as the ratio between elongation (Δl)
over the original gauge length (L), ε¼ Δl

L . To ensure a
smooth fit of samples into the circular fixture, the
diameter of the fixture was designed to be slightly smal-
ler than the diameter of the pipe. This gives some clear-
ance between the circular ring and the fixture. When
there is no load applied, the two halves of the fixture
can be displaced by 5mm. Thus, in this experiment,
the gauge length of the specimen is taken as L= 5mm.

2. Compliance is defined as the change in strain as a
function of time under instantaneous application of
a constant stress, J tð Þ¼ ε tð Þ

σ0
, where σ0 = 10MPa.

3. Creep rate: The creep rate is defined as the elongation
per unit time under a certain stress. The total creep
time of the experiment was set to 30,000 s with the
fixed stress as 10 MPa.

2.8 | Slow crack growth testing

The slow crack growth experiment on PP pipes was con-
ducted in compliance with GB/T 19279-2003 standards.
A 70-mm length pipe ring specimen was cut from the
pipe, and a brass cone slightly larger than the inner diam-
eter of the pipe was inserted to maintain a predetermined
strain. Subsequently, an initial notch of 10 mm was cut
at one end of the pipe ring specimen, as depicted in. For
the sample pretreatment, the specimen was immersed in
a solution containing a surfactant at a concentration of
10% atperature of 80 ± 1�C. The complete apparatus
setup is illustrated in Figure 4.

3 | RESULTS AND DISCUSSION

3.1 | WAXD analysis

Figure 5(A) presents the WAXD images collected from
PP specimens with and without rotation. The diffraction

rings from inner to outer correspond to different crystal
planes of PP, namely: α (110), β (300), α (040), α (111), α
(130), α (�131/311), α (060), and α (220). Diffraction
rings were clearly observed in all specimens. Specimens
subjected to rotation exhibit arc-like diffraction patterns
for all crystal planes, indicating the presence of aligned
molecular chains, whereas the static specimens (0 rpm)
show isotropic diffraction patterns for all crystal planes.
There were no β crystals formed in static and rotating
conditions when pure PP (0% TMB-5) was used, as con-
firmed by the absence of the β (300). With the addition of
β-NA, β (300) planes appear in all static specimens, with
this plane showing the highest brightness, indicating
abundant β crystals. This is related to the efficient nucle-
ating agent TMB-5, which induces significant β crystal
formation with only a trace amount. However, once a
rotating field is applied, the intensity of β (300) planes
significantly decreases.

To further obtain the crystallinity content, one-
dimensional wide-angle curves were obtained by inte-
grating the corresponding WAXD patterns, as shown in
Figure 5(b–e). The crystallinity content of the middle
layer in static specimens was obtained through this
curve, as listed in Table 1. The incorporation of β-NA into
static specimens drastically increased the crystallinity
content from 0% to 50.41%. With an increase in β-NA
content, the crystallinity content showed an initial
increase followed by a decrease trend, reaching a maxi-
mum value of 78.25% when β-NA was at 0.05 wt%. This
may be related to the solubility of β-NA in the PP matrix.
At lower contents, β-NA can dissolve completely in PP,
leading to good dispersion in PP and thus inducing the
formation of crystal structures. However, at higher con-
tents, β-NA cannot be well mixed with the PP matrix,
leading to aggregation. This phenomenon can be clearly
observed in the hot-stage polarized images, as shown in
Figure 5(F–H). Pure PP specimens uniformly exhibit a
relatively homogeneous morphology. For a content of
0.05 wt% β-NA, it dissolves completely in PP, while for

FIGURE 3 Creep testing

apparatus schematic diagram:

1, Temperature control unit;

2, Displacement acquisition

system (computer);

3, Displacement sensor;

4, Heating wire; 5, Spacing table;

6, Weights; 7, Pipe; 8, Fixture.
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higher contents like 0.2 wt%, the image shows the obvi-
ous precipitation and aggregation of β-NA. Therefore, in
this experiment, contents exceeding 0.05 wt% lead to
excessive aggregation, which is the main reason for the
decrease in crystallinity content.

For the specimens subjected to rotational shear with
β nucleating agents added, peaks of β (300) crystal planes
are also present in the inner, middle, and outer layers,
but they are not particularly pronounced. Previous stud-
ies5,6,22,23 have also reported that high shear rates inhibit
the formation of β crystals in PP containing β nucleating
agents. This could be due to the fact that during the crys-
tal growth process, shear further induces the formation
of more α crystal nuclei, and their growth rate exceeds
that of β crystals, rapidly occupying limited space, result-
ing in a decrease in β crystallinity content. In this study,
the rotational speed of 6 rpm was relatively high, thereby
inhibiting crystal formation.

Two crystal planes, namely α (040) and β (330) were
selected for calculating the degree of orientation for
α-crystal and β-crystal, respectively. It should be noted
that for rotating specimens without the addition of β-NA,
β-crystals are completely absent. The azimuthal angle
curves corresponding to each crystal plane were pre-
sented in Figure 6(A–C, E–G) based on the empirical for-
mula: Π¼ 180

��H
180

� �100%, where H is the half-width at
half-maximum of the intensity distribution curve of the
Debye rings on the equator. The obtained orientation
degrees are shown in Figure 6(D, H). The results show
that both the orientation degrees of α-crystal and

β-crystal are lowest in the inner layer. It contradicts the
simulation results of the shear rate distribution, in which
the shear rate in the inner layer appears to be the highest,
suggesting that the orientation degree should be higher
in the inner layer. The discrepancy may result from the
limitations of the apparatus, specifically the use of ther-
mal oil for temperature control around the core rod
rather than heating rods for the external mold tempera-
ture control, causing the temperature not to reach the
desired level. Therefore, during the gradual cooling and
shearing process, the inner layer close to the core rod
may solidify prematurely, experiencing a much shorter
shearing time, thus resulting in a minimal orientation
degree. The shear rate in the middle layer is higher than
that in the outer layer; however, rapid solidification in
the middle layer shortens the shearing duration com-
pared to the outer layer, leading to similar orientation
degrees of the middle layer and the outer layer.

Furthermore, with the increase in β-NA content, the
orientation degree shows a trend of initial increasing and
then decreasing, reaching a maximum value at 0.05 wt%
content. Based on rheological data (Figure S1), we
obtained the relaxation time of samples with different
β-NA contents, as shown in Figure 7(A). With the
increase in β-NA content, the relaxation time of the PP
matrix continuously decreases, from 0.47 s�1 for pure
PP to 0.14 s�1. Figure 7(B) presents the Cole-Cole plots
for the complex viscosity (η00) versus intrinsic viscosity
(η0) curves for different β-NA contents. The magnitude of
their arc radius can also reflect the rate of molecular

FIGURE 4 Slow crack growth testing apparatus: 1, Image collection system (computer); 2, Compound digital microscope; 3, Sample;

4, Thermocouple; 5, Large beaker; 6, Solution; 7, Magnetic stirrer.

6 ABUDUREZHAKE ET AL.

 15482634, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pen.26982 by <

shibboleth>
-m

em
ber@

m
onash.edu.au, W

iley O
nline L

ibrary on [09/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



FIGURE 5 The two-dimensional wide-angle X-ray diffraction (WAXD) analysis and thermal stage polarized images: (A) WAXD images

of PP pipes with different nucleating agent contents; (B) integrated curves of 0 rpm—middle layer; (C) integrated curves of 6 rpm—inner

layer; (D) integrated curves of 6 rpm—middle layer; (E) integrated curves of 6 rpm—outer layer; (F) thermal stage polarized images of

0 wt%; (G) thermal stage polarized images of 0.05 wt%; and (H) thermal stage polarized images of 0.2 wt%.

ABUDUREZHAKE ET AL. 7
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chain relaxation.7,24 The arc radius is largest for pure PP,
while it is smallest for PP with 0.02 wt% β-NA content,
indicating that the former has the longest chain relaxa-
tion time, and the latter has the shortest. With the
increase in β-NA content, the arc radius of PP decreases,
implying that molecular chain relaxation is facilitated,
which is consistent with the calculated relaxation rate.
Therefore, for the middle layer and the outer layer, with
the increase in β-NA content, on the one hand, the shear
rate increases, leading to higher molecular chain orienta-
tion; on the other hand, the relaxation time decreases,
making it less likely for the molecular chain orientation
to be maintained. These two competing factors result in
the highest orientation degree at 0.05 wt% content.

3.2 | SAXS analysis

The results of SAXS testing on static and rotating shear
specimens are shown in Figure 8(A). For static speci-
mens, pure PP exhibits uniform scattering rings, while
PP specimens with added β-NA show uneven diffraction
signals, which may be largely related to the morphology
of β-NA.25,26 Aggregation of β-NA in the PP matrix leads
to anisotropic behavior. As for the rotating shear speci-
mens, they all exhibit certain scattering intensity in the
meridian direction, indicating the generation of lamellar
crystals perpendicular to the shear direction, known as
the “kebab” structure, and the intensity increases signifi-
cantly with the addition of β-NA. In the equatorial direc-
tion, needle-like diffraction signals indicate the
formation of “shish” structures along the flow direction.

Based on the shear rate data simulated using Polyflow
(Supplementary Flow Simulation) and the relaxation
time data obtained from rheology (Figure 7), we calcu-
lated the De value for the inner layer, as shown in
Table 2. It can be observed that only when the β-NA con-
tent is 0.2 wt%, De <1, indicating that there is no forma-
tion of spherulites. Therefore, only when the content is
0.2wt%, there is no needle-like diffraction signal in the
equatorial direction. It is worth mentioning that our

previous work using a Vibration-Assisted Extrusion
Apparatus did not generate the “shish-kebab”
structure,11 which provides a molecular basis for the per-
formance differences caused by two different shear fields
in subsequent experiments.

To analyze grain size, we derived Lorenz-corrected
one-dimensional small-angle diagrams from the two-
dimensional small-angle diagrams and then calculated
the long period of the sample. For static samples
(0 rpm) as shown in Figure 8(B,D), the long period in
the equatorial and meridian direction significantly
increases from 3.01 and 3.11 nm to 3.88 and 3.81 nm,
respectively, with the increase in β-NA content for 0%
to 0.05%. The initial increase, followed by a decrease,
was mainly due to the different structures of α and β
crystals. Monoclinic α crystals have lattice parameters:
a = 0.665 nm, b = 2.096 nm, and c = 0.650 nm,
whereas trigonal β crystals have lattice parameters:
a = 1.102 nm, b = 1.102 nm, and c = 0.649 nm.27,28

Although compared to β crystals, α crystals have larger
lattice parameters, the β crystals have larger nucleus
density, smaller grain size, and no obvious boundary
between the interfaces. Therefore, the long period will
be relatively long and should align with the trend of
crystal content changes. Thus, it is evident that with
the addition of β-NA, the increase in the long period of
static samples benefits from the increase in crystal con-
tent. In addition, at a high nucleating agent content of
0.2 wt%, the nucleation density further increases, and
in a limited crystal growth space, a smaller crystal is
formed, resulting in little change in the long period or
even a decrease in the meridian direction. As for rotat-
ing samples (6 rpm), as shown in Figure 8(C,E), the β
crystal content is only about 2%, and the effect on the
long period is insignificant. However, it also showed
the same trend as the static sample, that is, with the
increase of nucleating agent content, the long period
increased first and then decreased. This is mainly
because the average long period of oriented crystals is
greater than that of non-oriented crystals,29 so the long
period should be consistent with the degree of

TABLE 1 The crystalline phase

content of PP pipes with different β
nucleating agent contents.

β nucleating
agent content

The relative content of β-crystals

0 rpm 6 rpm

Core Inner Core Outer

0 wt% 0% 0% 0% 0%

0.025 wt% 50.41% 1.60% 1.12% 2.26%

0.05 wt% 78.25% 0.35% 0.30% 0.85%

0.1 wt% 65.55% 0.33% 0.30% 0.53%

0.2 wt% 53.89% 0.70% 0.63% 0.93%

8 ABUDUREZHAKE ET AL.
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FIGURE 6 The azimuthal angle and orientation degree of the α (040) and β (300) crystal plane in rotating PP pipes with different β
nucleating agent contents: (A) azimuthal angle of α (040) inner layer; (B) azimuthal angle of α (040) middle layer; (C) azimuthal angle of α

(040) outer layer; (D) orientation degree of α (040); (E) azimuthal angle of β (300) inner layer; (F) azimuthal angle of β (300) middle layer;

(G) azimuthal angle of β (300) outer layer; and (H) orientation degree of β (300).

ABUDUREZHAKE ET AL. 9
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orientation. In rotating samples, induced crystalliza-
tion under external force fields thickens the crystals
and generates oriented crystals, resulting in a larger
longer period.

3.3 | Melting behavior analysis

Figure 9 shows the DSC heating curves of static and
rotating samples, with their melting peaks and

crystallinity listed in Table 3. Melting curves of PP reveal
that peaks above 160�C correspond to the melting of PP's
α crystals, while peaks around 145�C correspond to the
melting of β crystals.30,31 From Figure 9(A), it can be
observed that for static samples, pure PP pipes exhibit
only one melting peak. With the increase in β-NA con-
tent, the melting point of crystals in static samples
increases. After adding β-NA, two distinct melting peaks
appear, indicating a significant generation of β crystals.
For rotating samples, as shown in Figure 9(B–D), the

FIGURE 7 (A) The terminal relaxation time of PP at different β nucleating agent contents. (B) The Cole–Cole curves of PP at different β
nucleating agent contents.

10 ABUDUREZHAKE ET AL.
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FIGURE 8 2D small-angle analysis and the long period of PP pipes in equatorial and meridian direction under different β nucleating

agent contents: (A) 2D small-angle diagrams; (B) long period of static samples (0 rpm) in equatorial direction; (C) long period of static

samples (0 rpm) in meridian direction; (D) long period of rotating samples (6 rpm) in equatorial direction; and (E) long period of rotating

samples (6 rpm) in meridian direction.

ABUDUREZHAKE ET AL. 11
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melting peak of β crystals becomes less pronounced, even
disappearing, consistent with the β crystal content
obtained from the previous two-dimensional wide-angle
analysis. For both static and rotating samples, the crystal-
linity initially increases and then decreases with the
increase in β-NA content. Additionally, the crystallinity
of rotating samples is significantly higher than that of
static samples, mainly due to induced crystallization
under external fields, forming a perfect crystal structure.

3.4 | Morphology analysis

Scanning electron microscopy (SEM) images were used
to explore the changes in the microstructure of pipes with

different β nucleating agent contents. As shown in
Figure 10(A), the molecular chains are disordered
in static samples (0 rpm), mainly in the form of spheru-
lites. With a low content of β nucleating agent, the spher-
ulites remain intact, but when the β nucleating agent
content increases to 0.2 wt%, the spherulitic crystals
become imperfect and exhibit a bundled morphology.
This is largely related to the solubility of the β nucleating
agent in PP. When its content is low, the nucleating agent
is uniformly dispersed in the matrix, thereby inducing
the formation of relatively perfect β spherulites. However,
once the content is too high, the β nucleating agent will
aggregate and precipitate in the matrix, acting as a defect
that inhibits the growth of crystal structure, thus only
leading to the formation of bundled structures. For

TABLE 2 The De values of PP at

different β nucleating agent contents.
Contents 0 wt% 0.025 wt% 0.05 wt% 0.1 wt% 0.2 wt%

De 2.28 1.13 1.03 1.01 0.65

FIGURE 9 DSC heating curves of PP pipes at different β nucleating agent contents: (A) 0 rpm—middle layer; (B) 6 rpm—inner layer;

(C) 6 rpm—middle layer; and (D) 6 rpm—outer layer.

12 ABUDUREZHAKE ET AL.
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dynamic samples (6 rpm), the molecular chains in the
inner layer appear to be more disordered, while they are
more regular in the middle and outer layers. This is due
to the inner layer reaching the solidification point earlier
during the cooling process and thus experiencing a
shorter shear time.

3.5 | Mechanical properties

Figure 10(B,C) shows the circumferential strength and
elongation at break for conventional and rotating PP
pipes across a range of β-NA contents. The tensile
strength of conventional PP pipes is 33.62 MPa, with an
elongation at break of 19.51%. After the application of
rotational shear, both the tensile strength and elongation
at break of pure PP pipes increase to 34.83 MPa and
125.78%, respectively, achieving enhanced toughness
and strength. The increase in tensile strength can be
attributed to orientation and shish-kebab structure, while
toughening is mainly due to grain refinement.14 For con-
ventional samples, the presence of β crystals after adding
β-NA causes the tensile strength to vary in the range of
28.80–35.35 MPa. The elongation at break of conven-
tional samples significantly increased to 274.35% and
161.45% under the nucleating agent content of 0.025
and 0.05 wt%, respectively. Following the application of
rotational shear, the tensile strength and elongation at
break of rotating samples are higher than those of pure
PP conventional samples at all β-NA contents. This is
fundamentally different from the previous research of the
same conceptual type,11 which found that the improve-
ment of tensile strength comes at the cost of sacrificing
elongation at break. In this work, the most significant
toughening effect was observed at a β-NA content of
0.025%, where the elongation at break of rotating samples

reaches 243.30%. At a 0.05 wt% content, the enhance-
ment effect is more pronounced, with the tensile strength
reaching a maximum of 40.98 MPa, a 22% increase com-
pared to the pure PP value of 33.62 MPa, and the elonga-
tion at break reaching 108.09%. Varying degrees of
toughening and strengthening were also achieved at
β-NA contents of 0.1% and 0.2%.

3.6 | Creep behavior analysis

To better explain the influence of the change of micro-
structure on the long-term performance of PP pipes, we
selected samples with relatively high orientation and
crystallinity for testing, as well as static samples for com-
parison. Figure 11(A,B) represent the variation curves of
strain and compliance with time for all specimens. It can
be observed that after applying a certain load, all speci-
mens undergo instantaneous deformation, primary creep,
and secondary creep. Regardless of the presence of β
nucleating agents, the strain and compliance of rotating
pipes (red and green lines in the figures) are much smal-
ler than those of static pipes (black and blue lines in the
figures), indicating that rotating pipes have much stron-
ger resistance to deformation than static pipes. This is
because during the creep of polymers, once internal
lamellae bear external forces and store energy, bending
to a certain critical value, large lamellar units will rup-
ture into smaller lamellar units, and there will also be
dislocations, transfers, or divisions between lamellar
units. Therefore, a large amount of orientation and fibril-
lar structures formed by rotating pipes enhances the
interconnection between molecular chains or lamellae,
effectively preventing processes such as untying, slipping,
and debonding between molecular chains, thereby
improving deformation resistance.32 On the other hand,

TABLE 3 The crystallinity and

melting point of the middle layer of PP

pipes at different β nucleating agent
contents. Contents

Rotate
speed
(rpm)

Melting point (�C)

Crystallinity
(%)

α
crystals

β
crystals

0 wt% 0 162.73 — 47.37

6 163.72 — 51.88

0.025 wt% 0 161.56 147.69 48.31

6 164.07 — 49.81

0.05 wt% 0 163.95 149.43 48.45

6 163.79 — 53.00

0.1 wt% 0 163.14 149.55 52.08

6 163.23 — 49.28

0.2 wt% 0 163.38 150.3 47.98

6 164.33 — 46.63

ABUDUREZHAKE ET AL. 13
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previous studies have reported that compliance decreases
with increasing crystallinity.33 The crystallinity of rotat-
ing pipes is significantly higher than that of static pipes,
making the tie molecules in rotating pipes more robust
and less susceptible to untangling and slipping, naturally
resulting in better resistance to external force-induced
slippage.

Among static specimens, the strain and compliance of
pure PP (black lines in the figures) are lower than that
of PP pipes with added β-NA (blue lines in the figures),
indicating better creep performance. The internal
arrangement of the β crystals is looser than that of the α

crystals,27 and molecular chains are more prone to slip-
page. Therefore, pipes containing more β crystals have
relatively low creep resistance. In contrast, in the two
rotating specimens (pure PP for red lines and PP added
β-NA for green lines), this trend is reversed, and the
creep performance of PP pipes with added nucleating
agents is better than that of pure PP pipes due to the
smaller strain and compliance. Apparently, the content
of β crystals has little influence on this different trend
compared with static specimens, as the results of DSC
show that the β crystal contents of the rotating samples
are very low. However, the results of WAXD show that

FIGURE 10 The morphology images and mechanical properties of PP pipes with varying contents of β nucleating agents: (A) SEM
images. (B) Tensile strength. (C) Elongation at break.

14 ABUDUREZHAKE ET AL.

 15482634, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pen.26982 by <

shibboleth>
-m

em
ber@

m
onash.edu.au, W

iley O
nline L

ibrary on [09/10/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



rotating PP pipes with added β nucleating agents have a
higher degree of orientation because of increased shear
rate and decreased relaxation time, thus possessing better
resistance to external force-induced slippage.

Instantaneous and final deformations of each pipe
specimen were presented in Figure 11(C). The initial dis-
placement of the pure sample (0 rpm) and the sample
with nucleating agent (0 rpm, 0.1%) was 2.3 and 2.4 mm,
respectively. The rotating pipes exhibit lower initial dis-
placements at 0.8 mm (6 rpm, NO) and 1.8 mm (6 rpm,
1%). Among all specimens, static pipes with added β
nucleating agents (0 rpm, 0.1%) exhibit the largest final
deformation, 76.9 mm, much higher than the other three
specimens, mainly due to having the highest β crystal
content, which is further proved by WAXD patterns hav-
ing highest brightness of β (300) planes. Figure 11(D)
compares the creep rates of each pipe specimen. Static
pipes with added β nucleating agents have the highest
creep rate at 17.84 � 10�5 mm/s, while rotating pipes
with added β nucleating agents have the lowest creep rate
at 3.23 � 10�5 mm/s. The creep rate of rotating pipes is
lower than that of static specimens, indicating that the

creep resistance of rotating pipes has been significantly
improved.

3.7 | Analysis of slow crack growth

Figure 12(A) shows the morphology images of slow crack
growth in pure PP pipes under static conditions. The
annotations on the image include time in the top left cor-
ner and the crack width at the center. When the pipe is
inserted into the brass cone, the pre-cut 1 mm notch
is only widening slightly to 1.099 mm, due to the external
force. This only causes a change in crack angle rather
than forward propagation, because of the low stress level
and the time required for tie molecules to be pulled out
from the crystalline region. After 21 h, the failure
occurred within the silver streaks, and the crack began to
propagate forward, forming a crack of 0.455 mm at the
front end. This time can be taken as the crack growth ini-
tiation time, which can be obtained by linear regression
analysis of crack width versus time. Subsequent images
were taken every 3 h, and the crack width showed a

FIGURE 11 Creep behavior results in schematic diagram: (A) Creep curves of different specimens. (B) Compliance curves of different

specimens. (C) Initial displacement and final displacement. (D) Creep rate.

ABUDUREZHAKE ET AL. 15
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FIGURE 12 Analysis of slow crack growth: (A) The slow crack growth process of pure PP static pipe (0 rpm, NO). (B) The slow crack

growth process of pure PP rotating pipe (6 rpm, NO). (C) The slow crack growth process of pure PP static pipe (6 rpm, 0.1%). (D) The slow

crack growth process of β nucleating agent-added rotating PP pipe (6 rpm, 0.1%). (E) Crack width vs. time. (F) Crack initiation time and

crack growth rate. (G) The cross-sectional morphology of each specimen.
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linear increase. It can be seen that filamentation is obvi-
ous during the crack growth process from 24 to 33 h. In
the later stages, the filaments were not pulled apart, indi-
cating that the molecular chains of the static specimen
were initially in an amorphous state and formed highly
oriented microfibers under external stress, which, to
some extent, indicates a ductile fracture mode.

Slow crack growth in pure PP pipes under rotational
shear conditions was presented in Figure 12(B). Com-
pared to static PP pipes, the initiation stage of the crack
was significantly prolonged, with the crack becoming evi-
dent around 35 h. At 74 h, the specimen had not
completely fractured, indicating the improved resistance
to slow crack growth. It was observed that the crack
growth did not take place from the pre-cut notch but
instead at a distance from it, and then the crack gradually
extended to the notch. As the crack develops in the later
stages, the material adjacent to the crack undergoes
direct rupture without much filamentation, exhibiting
characteristics of brittle fracture. This is because the
molecular chains of the dynamic specimen were already
aligned in a highly oriented state before stretching,
resulting in less plastic deformation.

When the pre-cut notch was applied to the PP static
pipes with added β NA, the width of the notch immedi-
ately expanded to 1.121 mm, as shown in Figure 12(C).
The initiation time of the crack was the shortest, at 17 h,
indicating that the molecular chains in this specimen
were more prone to slip. After the molecular chains dis-
entangle from the crystalline region, crystal plane slip
and bending fracture are more likely to occur. Many fine
filaments were observed, indicating a ductile fracture
mode. Figure 12(D) displays the morphology images of
slow crack growth in rotating PP pipes with added β
nucleating agents. When the pre-cut notch was applied to
the specimen, the width of the notch remained at a mini-
mum value among all specimens, at 1.008 mm. The initi-
ation time of the crack was approximately 24 h, the
longest among all the specimens, indicating that
the long-term mechanical performance of rotating field
pipes was enhanced.

It can be seen in Figure 12(E), the crack width of all
specimens exhibits linear growth after a certain period.
Dynamic specimens present a delayed onset, indicating
better resistance to slow crack growth. By linearly fitting
crack width against time, the intersection of the trend
line with the x-axis is defined as the crack initiation time.
The slope of the trend line is defined as the crack growth
rate, as shown in Figure 12(F). Compared to the two
static specimens, the crack initiation time of the two
dynamic specimens is longer, and the crack growth rate
is lower, indicating better resistance to slow crack
growth. The oriented structure of dynamic specimens is

an important factor in improving resistance to slow crack
growth. Slow crack growth mainly occurs when many tie
molecules detach from a single crystal, forming macro-
scopically visible cracks. Molecular chains are oriented
along the circumferential direction of the pipe, signifi-
cantly increasing the number of tie molecules. Under
external stress, a greater number of tie molecules share
the stress, making it more difficult to extract tie mole-
cules from the crystals and thereby enhancing resistance
to slow crack growth.34 In dynamic specimens, the crack
initiation time of pure PP pipes is longer than that of PP
pipes with added β nucleating agents, while the differ-
ence in crack growth rate is minimal. This is contrary to
the resistance to creep, mainly because their mechanisms
are different. A small amount of β crystals can still be
generated in PP pipes with added β nucleating agents
after rotation, and the relatively loose structure of β crys-
tals weakens the binding force of crystals to tie mole-
cules, making tie molecules easier to extract. Therefore,
the resistance to slow crack growth is relatively weak.

Figure 12(G) presents the cross-sectional morphology
after slow crack growth for each specimen. It can be
observed that the static specimens (0 rpm) exhibit a
rough surface composed of elongated features with many
voids, indicating a complete plastic deformation in a duc-
tile fracture mode. In contrast, the dynamic specimens
(6 rpm) show a relatively smooth surface with layered
fracture, indicating a brittle fracture mode. The signifi-
cant difference in fracture mode between static and
dynamic specimens of the same material resulted from
the molecular chain orientation.

4 | CONCLUSIONS

The morphology and mechanical properties of PP pipes
with added β nucleating agents were studied using an
in-house designed RSS operated at different mandrel
speeds. The results showed that due to changes in crys-
tal phase and orientation structures, the mechanical
properties of PP pipes with different β-NA contents var-
ied. Overall, the most significant toughening effect was
observed at a 0.025% nucleating agent content, where
the tensile strength of the rotating specimens increased
while the elongation at break reached 243.30%. Addi-
tionally, the rotating pipes with added β nucleating
agents exhibited the best resistance to creep. Although
their resistance to slow crack propagation was not as
good as that of rotating pipes without β nucleating
agents, they were still stronger than conventional pipes.
Detailed SAXS and SEM studies revealed the develop-
ment process of spherulites and the trend of long-period
development throughout the entire rotating shear
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process. X-ray diffraction, DSC, and SEM analyses
showed changes in β crystal content, orientation, crys-
tallinity, and grain refinement. At a 0.05 wt% nucleating
agent content, the reinforcement effect was optimal,
with the maximum tensile strength reaching 40.98 MPa,
a 22% increase compared to pure PP (33.62 MPa), and
the elongation at break also reached 108.09%.
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