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Preface

Injection molding is a versatile polymer processing method that is widely used to prepare polymers

and polymer composites for industrial product applications. The properties of injection-molded parts are

affected by the prevailing shearing and extensional flow fields, as well as temperature gradients. These

processing factors determine the state of orientation of polymer chains and functional fillers (especially

for those with very high aspect ratios), the development of crystalline structures for semi-crystalline

polymers, as well as the state of the distribution of functional fillers. As a result, the optimization of

the processing parameters and the design of functional composites play a crucial role in fabricating

injection-molded parts for targeted applications.

In recent years, advances in injection molding technology have promoted the development of

polymeric parts for application in various industrial fields, such as automation and optical and

thermal energy storage. This reprint provides a collection of research studies that address the

process–structure–properties of injection molded polymers and polymer composites. This reprint

gathers 10 important contributions from researchers around the globe. In addition, we express our

sincere gratitude to the reviewers and members of the Editorial Office who aided in the development

of this Special Issue.

Andrew N. Hrymak and Shengtai Zhou

Editors
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Injection Molding of Polymers and Polymer Composites
Shengtai Zhou 1 and Andrew N. Hrymak 2,*

1 The State Key Laboratory of Polymer Materials Engineering, Polymer Research Institute of Sichuan
University, Chengdu 610065, China; szhou@scu.edu.cn or qduzst@163.com

2 Department of Chemical and Biochemical Engineering, The University of Western Ontario,
London, ON N6A 5B9, Canada

* Correspondence: ahrymak@uwo.ca

Injection molding technology has been widely adopted to fabricate multifunctional
polymeric components or structural parts for applications in fields such as automotives,
electronics, packaging, aerospace, and many others. It is also widely accepted that the
properties of injection moldings are greatly affected by the development of crystalline
structure, the distribution and orientation of functional fillers which are incurred by the
prevailing shearing and extensional flow fields as well as the cooling effect during injection
molding. In addition, the properties of polymeric parts are determined by the types of
fillers and host matrices, part geometry, and processing parameters. Therefore, elucidating
the relationship of processing–structure–properties in injection molding is particularly
important for both the academic and industrial spheres.

The Special Issue, “Injection Molding of Polymers and Polymer Composites”, serves
as a suitable platform for the state-of-the-art research progress in injection molding. This
Special Issue collates 10 research articles, with contributions from Germany (1), China
(4), the United States of America (1), Japan (2), Vietnam (1) and the Czech Republic (1),
which covered a very broad range of topics relating to injection molding technology. The
contributions to this Special Issue are listed below:

Contribution 1: Zhang, J.; Zhang, Y.; Li, Y.; Luo, M.; Zhang, J. Influence of Strong
Shear Field on Structure and Performance of HDPE/PA6 In Situ Microfibril Composites.
Polymers 2024, 16, 1032. https://doi.org/10.3390/polym16081032

Contribution 2: Bednarik, M.; Pata, V.; Ovsik, M.; Mizera, A.; Husar, J.; Manas, M.;
Hanzlik, J.; Karhankova, M. The Modification of Useful Injection-Molded Parts’ Properties
Induced Using High-Energy Radiation. Polymers 2024, 16, 450. https://doi.org/10.3390/
polym16040450

Contribution 3: Minh, P.S.; Nguyen, V.-T.; Uyen, T.M.T.; Huy, V.Q.; Le Dang, H.N.;
Nguyen, V.T.T. Enhancing Amplification in Compliant Mechanisms: Optimization of
Plastic Types and Injection Conditions. Polymers 2024, 16, 394. https://doi.org/10.3390/
polym16030394

Contribution 4: Tian, J.; Wang, C.; Wang, K.; Xue, R.; Liu, X.; Yang, Q. Flexible
Polyolefin Elastomer/Paraffin Wax/Alumina/Graphene Nanoplatelets Phase Change
Materials with Enhanced Thermal Conductivity and Mechanical Performance for Solar
Conversion and Thermal Energy Storage Applications. Polymers 2024, 16, 362.
https://doi.org/10.3390/polym16030362

Contribution 5: Jiang, Q.; Takayama, T.; Nishioka, A. Impact Energy Dissipation and
Quantitative Models of Injection Molded Short Fiber-Reinforced Thermoplastics. Polymers
2023, 15, 4297. https://doi.org/10.3390/polym15214297

Contribution 6: Takayama, T.; Shibazaki, R. Mechanical Anisotropy of Injection-
Molded PP/PS Polymer Blends and Correlation with Morphology. Polymers 2023, 15, 4167.
https://doi.org/10.3390/polym15204167

Contribution 7: Myers, M.; Mulyana, R.; Castro, J.M.; Hoffman, B. Experimen-
tal Development of an Injection Molding Process Window. Polymers 2023, 15, 3207.
https://doi.org/10.3390/polym15153207

Polymers 2024, 16, 1796. https://doi.org/10.3390/polym16131796 https://www.mdpi.com/journal/polymers1
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Contribution 8: Yao, H.; Xue, R.; Wang, C.; Chen, C.; Xie, X.; Zhang, P.; Zhao, Z.; Li,
Y. High-Temperature Response Polylactic Acid Composites by Tuning Double-Percolated
Structures. Polymers 2023, 15, 138. https://doi.org/10.3390/polym15010138

Contribution 9: Zhou, C.; Bai, Y.; Zou, H.; Zhou, S. Improving Thermal Conductivity
of Injection Molded Polycarbonate/Boron Nitride Composites by Incorporating Spheri-
cal Alumina Particles: The Influence of Alumina Particle Size. Polymers 2022, 14, 3477.
https://doi.org/10.3390/polym14173477

Contribution 10: Maertens, R.; Liebig, W.V.; Weidenmann, K.A.; Elsner, P. Development
of an Injection Molding Process for Long Glass Fiber-Reinforced Phenolic Resins. Polymers
2022, 14, 2890. https://doi.org/10.3390/polym14142890

The following provides an overview of the articles published in this Special Issue:
Zhang et al. (contribution 1) adopted a multi-flow vibration injection molding

(MFVIM) technology to improve the mechanical properties of high-density polyethylene
(HDPE) by tuning the crystalline structure of HDPE and creating polyamide 6 (PA) mi-
crofibers in situ. An HDPE/PA6 blend with a component mass ratio of 90:10 was used as
the model system, and it was subjected to conventional injection molding (CIM, without vi-
bration) and MFVIM, respectively. The tensile strength and tensile modulus of HDPE/PA6,
which was prepared by implementing six vibration times during the packing stage, were
66.5 and 981.4 MPa, figures which are 91% and 32% higher than those for CIM pure HDPE,
which were 83% and 27% higher than their CIM counterparts, respectively. The in situ
formation of PA6 microfibers, as well as the numerous shish-kebab and hybrid shish-kebab
structures of HDPE induced by the multiple shear zones generated by vibration, were
considered as contributing factors.

Bednarik et al. (contribution 2) adopted a high energy radiation (β radiation) technique
to modify the properties of injection-molded HDPE (representative commodity thermoplas-
tic) and glass fiber (GF)-reinforced PA66 composites (GF content: 30 wt%, representative
technical plastic). Their results show that the free surface energy of samples was altered,
which was likely caused by oxidation, and this greatly affected the adhesive properties
of the tested materials. In addition, the tensile and bending strength of both samples
were enhanced after radiation treatment, which was attributed to the radiation induced
cross-linking process. In the case of HDPE, an optimal dose was reported in a range from
145 to 150 kGry by taking both the surface and mechanical properties into account, and the
optimal dose for PA66 was 128~135 kGry. They proposed that a well-chosen radiation dose
leads to the improvement of both the mechanical and surface properties of injection-molded
products that can broaden their practical applications.

Nguyen et al. (contribution 3) investigated the effect of process parameters such as
filling time, filling pressure, filling speed, packing time, packing pressure, cooling time
and melt temperature on the amplification ratio of the compliant mechanism injection
molded flexure hinges made from ABS, PP, and HDPE. Their results demonstrated a linear
relationship between the input and output data of ABS, PP, and HDPE flexure hinges
at different process parameters. The packing pressure had the greatest impact on the
amplification ratio of the ABS flexure hinge, filling time had the highest effect with a
PP flexural hinge, and packing time had the greatest effect with HDPE flexural hinges.
This work provides some insights to broaden the application of plastic flexure hinges by
optimizing plastic types and injection-molding process parameters.

Yang et al. (contribution 4) prepared electrically insulative and thermally conduc-
tive polyolefin elastomer/paraffin wax (POE/PW) phase-change materials (PCMs) with
spherical alumina (Al2O3) particles and graphene nanoplatelets (GNPs), using injection
molding technique. The hybrid addition of Al2O3 and GNPs was found to be helpful
for establishing three-dimensional thermal conductive pathways, thus improving thermal
conductivity. The in-plane thermal conductivity of the POE/PW/GNPs 5 wt%/Al2O3
40 wt% composite reached as high as 1.82 W/mK, which is approximately 269.5% higher
than that of unfilled POE/PW. In addition, the POE/PW/GNPs 5 wt%/Al2O3 40 wt%
composite demonstrated outstanding electrical insulation, mechanical performance, and
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efficient solar energy conversion. This study showcased developing flexible PCMs for solar
conversion and thermal storage applications.

Takayama et al. (contribution 5) proposed a mechanical model to explain the notched
impact strength of injection-molded short glass-fiber-reinforced thermoplastics (SGFRTP).
The model showed a good agreement (R2 > 0.95) with the experimental values obtained
from GF-reinforced polypropylene (PP) and polystyrene (PS) composites. The authors
suggested that the model could be applied to different fiber orientation angles and a range of
fiber lengths in the molded products, provided that the fiber length was sufficiently shorter
than the critical fiber length. They also stated that the universality of the proposed model
needed to be verified if the fibers have weaker interfacial strength or less susceptibility to
fracture during injection molding.

Takayama and Shibazaki (contribution 6) adopted a short-beam shear testing method
to evaluate mechanical anisotropy as the stress concentration factor. The correlation be-
tween the evaluation results and the phase structure of PP/PS blends was clarified. They
found that the yield condition under uniaxial tensile testing was interface debonding
for the continuous-phase PP with a sea–island structure; the phase structure was dis-
persed and elongated in the flow direction for continuous-phase PS. Unlike continuous-
phase PP, the structure of continuous-phase PS was greatly altered with the addition of
styrene–ethylene–butadiene–styrene (SEBS). The yielding condition under uniaxial ten-
sile loading was shear yielding. The development of the phase structure was affected
by the types of PP, and the addition of SEBS to PS/H-PP (i.e., homo-type PP) resulted in
a phase morphology with a cylindrical dispersed phase with relatively small diameter,
and a dispersed phase arranged in a network for PS/B-PP (i.e., block-type PP). Moreover,
the mechanical anisotropy of PP/PS blends was correlated with the aspect ratio of the
dispersed phase. The higher the aspect ratio of the dispersed phase, the greater mechanical
anisotropy for corresponding blends.

Castro et al. (contribution 7) studied the relationship between some key machine
settings, which were classified as primary control variables (mold temperature, melt tem-
perature, packing pressure), secondary control variables (injection screw speed, pack-
ing/cooling time), and tertiary control variables (shot size, clamping force) with the suc-
cessful operation of injection molding. Their study provided a more standardized and
thorough procedure for experimentally developing injection molding process windows to
obtain injection-molded parts with acceptable appearance and part qualities. Additionally,
it was proposed that testing the mechanical properties is a need for determining process
windows for semi-crystalline polymers.

Zhao et al. (contribution 8) prepared electrically conductive polymers (CPCs) with a
double-percolation structure consisting of poly(lactide acid) (PLA), poly(butylene adipate
terephthalate) (PBAT), and GNPs. The results show that adding 5 wt% PBAT resulted
in an electrical conductivity, which is about two orders of magnitude higher than the
PLA/GNP 3.5 wt% counterpart. PBAT significantly reduced the action time from 14.15
to 2.19 min during temperature-response measurements. Moreover, PLA/PBAT/GNP
samples showed more sensibility and stability during the cyclic temperature-response tests,
which demonstrate potential applications for fabricating temperature-sensing devices.

Zhou et al. (contribution 9) systematically studied the effect of Al2O3 particle size and
filling content on the properties of polycarbonate (PC)/boron nitride (BN) composites. They
reported that both the in-plane (i.e., parallel to the flow direction) and through-plane (i.e.,
perpendicular to flow direction) thermal conductivities of injection-molded PC/BN/Al2O3
composites were significantly enhanced with the addition of Al2O3 particles. In addition,
thermal conductivity was greatly improved with increasing Al2O3 concentration and par-
ticle size. The change in the orientation state of BN platelets that was induced by the
added Al2O3 was crucial to improving through-plane thermal conductivity. Addition-
ally, PC/BN/Al2O3 composites exhibit exceptional electrical insulation and reasonable
mechanical properties that may provide potential applications in industrial sectors.
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Maertens et al. (contribution 10) developed a long fiber direct thermoset injection
molding process to prepare GF-reinforced phenolic resin composites with a higher propor-
tion of long fibers, aiming to improve its mechanical properties. A novel screw-mixing
element was adopted with considerations of balancing the desired mixing action, an un-
desired preliminary curing of phenolic resin, and a reduction in fiber length. The results
show that a weighted average fiber length of 571 µm (initial fiber length: 5000 µm) was
achieved in molded parts, which is twice that observed for a short fiber-reinforced phenolic
resin under comparable processing conditions. In addition, a homogeneous distribution of
fibers was found to outweigh the disadvantages of reduced fiber length because samples
prepared with the highest mixing energy input had a tensile strength of 57 MPa, and the
samples prepared with the lowest mixing energy input was only 21 MPa.

Finally, we would like to thank all researchers and anonymous reviewers who con-
tributed to the production of this Special Issue. In addition, we express our sincere gratitude
to the editorial team, especially Ms. Shelly Gu who contributed to the development and
subsequent launch of this Special Issue.

Author Contributions: S.Z. and A.N.H. contributed to writing the original draft as well as reviewing
and editing. All authors have read and agreed to the published version of the manuscript.

Funding: S.Z. is appreciated for the support from the National Natural Science Foundation of China
(52103040) and the China Postdoctoral Science Foundation (2020M673217).

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflicts of interest.
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Influence of Strong Shear Field on Structure and Performance
of HDPE/PA6 In Situ Microfibril Composites
Junwen Zhang, Yiwei Zhang, Yanjiang Li, Mengna Luo and Jie Zhang *

College of Polymer Science and Engineering, State Key Laboratory of Polymer Materials Engineering, Sichuan
University, Chengdu 610065, China; wenjunzh11@outlook.com (J.Z.); z403084973@163.com (Y.Z.);
13881505715@163.com (Y.L.); z1907747660@163.com (M.L.)
* Correspondence: zhangjie@scu.edu.cn

Abstract: As one of the most widely applied general-purpose plastics, high-density polyethylene
(HDPE) exhibits good comprehensive performance. However, mechanical strength limits its wider
application. In this work, we introduced the engineering plastic PA6 as a dispersed phase to modify
the HDPE matrix and applied multiple shears generated by vibration to the polymer melt during
the packing stage of injection molding. SEM, 2D-WXRD and 2D-SAXS were used to characterize the
morphology and structure of the samples. The results show that under the effect of a strong shear
field, the dispersed phase in the composites can form in situ microfibers and numerous high-strength
shish-kebab and hybrid shish-kebab structures are formed. Additionally, the distribution of fibers
and high-strength oriented structures in the composites expands to the core region with the increase
in vibration times. As a result, the tensile strength, tensile modulus and surface hardness of VIM-6
can reach a high level of 66.5 MPa, 981.4 MPa and 72, respectively. Therefore, a high-performance
HDPE product is successfully prepared in this study, which is of great importance for expanding the
application range of HDPE products.

Keywords: HDPE; in situ microfibril composites; strong shear field; shish-kebab; hybrid shish-kebab

1. Introduction

High-density polyethylene (HDPE), as a high-crystallinity, non-polar thermoplastic
resin, has good comprehensive properties such as low toxicity, excellent cold resistance,
good mechanical performance, great chemical resistance and ease of processing [1–6].
Therefore, it has become one of the most widely applied general-purpose plastics. However,
with the advancement of science and technology, the mechanical strength of existing HDPE
can no longer meet the demand for high-strength plastic products [7]. Therefore, it is of
great significance to further improve the mechanical properties of HDPE to expand its
application range.

High-performance polymer composites have been widely researched and applied
owing to their excellent mechanical properties [8,9]. Adding fibers to the polymer matrix
to prepare polymer composites is one of the common methods of polymer reinforce-
ment [10,11]. At present, the commonly used reinforcing fibers are mainly high-strength
inorganic fibers, such as glass fibers (GFs) [12,13], carbon fibers (CFs) [14,15], etc. But
during the process of manufacturing these composites, the fibers may break as a result of
shearing and agitation by the processing equipment, which reduces the length-to-diameter
(L/D) ratio of the fibers and even leads to a decrease in the mechanical properties of the
material [16]. Fortunately, the in situ microfibril composite (MFC) has stood out from the
traditional polymer composites and attracted the attention of many researchers due to its
great potential in mechanical enhancement and huge advantage in manufacturing over
the past few decades [17,18]. Compared with common inorganic fiber polymer compos-
ites, the fibers of MFCs are formed during processing, which prevents fibers breaking
caused by screw agitation. Traditional methods of preparing MFCs are usually divided

Polymers 2024, 16, 1032. https://doi.org/10.3390/polym16081032 https://www.mdpi.com/journal/polymers5
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into three steps: melt blending, stretching into fibers, processing and molding [19–21].
MFCs obtained by this method usually need to undergo a secondary process after the
formation of in situ microfibers, which may lead to the aggregation of fibers, thereby
affecting the final properties of the products [8]. Therefore, if it is possible for the dispersed
phase to form in situ fibers directly during the molding process, it will not only ensure
the quality of the fibers but also greatly simplify the processing. In recent years, several
studies [8,22–27] have proven the feasibility of this method. For example, Qin et al. [22]
obtained high-performance HDPE/PET MFCs through volume-pulsatile injection molding
(VPIM). The results demonstrated that under the effect of the vibration force field, the PET
dispersed phase formed rigid microfibers and the strength as well as the toughness of
the products greatly improved. The tensile strength and impact strength of the material
reached 31.1 MPa and 41.4 MPa, with an increase of 29% and 658%, respectively. Jiang
et al. [27] successfully prepared PP/PS in situ microfibril composites by fused filament
fabrication (FFF) and observed that the tensile strength of the product increased by 43.6%.
Shen et al. [24] combined in situ fiber formation with the stacked extrusion technique to
prepare PP/PA6 in situ microfiber composites. After the formation of in situ microfibers,
the tensile strength of the composites significantly improved from 19 MPa to 47 MPa,
increasing by 147%.

In addition to adding fibers, introducing external fields during processing to form self-
reinforcement structures is also a common method of polymer reinforcement. Shear field is
one of the popular external fields in polymer processing. In general, polymer materials tend
to form highly oriented structure (shish-kebab) under a strong shear field [28]. Therefore,
some new processing technologies (such as VPIM [29], dynamic packing injection molding
(DPIM) [30–32], loop oscillatory push–pull molding (LOPPM) [33–35], multi-flow vibration
injection molding (MFVIM) [36,37], etc.) have been developed to provide a strong shear
field, which could introduce plenty of shish-kebab structures into the polymer products,
thereby significantly improving the strength and modulus of the materials. For example,
Liu et al. [38] prepared simultaneously self-reinforced and self-toughened HDPE products
using LOPPM. The results indicated that the tensile strength and modulus of the samples
improved by about 1.8 and 1.2 times, respectively. Liu et al. [35] used LOPPM technology to
prepare high-performance HDPE/ultra-high-molecular-weight polyethylene (UHMWPE)
samples. The results showed that under the effect of the dynamic shear field provided by
LOPPM, a large number of shish-kebab structures were introduced into the products. The
tensile strength, modulus and impact strength of the materials were increased by 2.8, 4.9
and 5.8 times, respectively. Mi et al. [39] prepared iPP samples with different thicknesses of
the shear layer by using MFVIM and investigated the effect of the content of the shish-kebab
on the mechanical properties of iPP materials. The results showed that the content of the
shish-kebab was related to the duration of the shear field; the tensile strength and modulus
significantly improved with the content of the shish-kebab.

In this work, we chose PA6 to modify HDPE. This is because the mechanical strength
of PA6 is much higher than that of HDPE [40,41]. Meanwhile, we applied the MFVIM
technique to prepare injection-molded parts. On the one hand, we would like the PA6
dispersed phase to form in situ microfibers under the effect of a strong shear field. On the
other hand, it is expected that plenty of shish-kebab and hybrid shish-kebab structures can
be formed to achieve the purpose of enhancing the mechanical properties of HDPE. The
results show that the content of fibers as well as (hybrid) the shish-kebab improves with
the increase in vibration times (the duration of the shear field). The tensile strength and
modulus of products are significantly improved, increasing by 91% and 32%, respectively.

2. Materials and Methods
2.1. Materials

HDPE (4902T) was purchased from Yangzi Petroleum Chemical Co., Ltd., Nanjing,
China and the melt flow rate (MFR) is 0.3 g/10 min (190 ◦C/5 kg). PA6 (M2500I) was
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purchased from Guangdong Xinhui Meida Nylon Co., Ltd., Jiangmen, China with an MFR
of 26.4 g/10 min (190 ◦C/2.16 kg).

2.2. Sample Preparation

PA6 was dried at 80 ◦C for 12 h under vacuum to prevent degradation during process-
ing. Then, HDPE/PA6 pellets with a mass blending ratio of 90:10 were fully melted and
mixed through a co-rotating twin-screw extruder with L/D = 40 (CPE 20 plus, Coperion,
Nanjing, China). The temperatures from the hopper to the die head were between 225
and 240 ◦C, and the screw rotation was maintained at 140 rpm. The extruded strand was
then pelletized, and the obtained blend granules were dried at 80 ◦C for 12 h again. In
this experiment, the dried blended granules were processed into injection-molded parts
by the self-developed MFVIM equipment, whose mechanism was described in detail in
our previous studies [37,42]. The mold temperature was 40 ◦C, and the melt temperatures
from the hopper to the nozzle were 180 ◦C, 190 ◦C, 210 ◦C, 220 ◦C and 220 ◦C, respectively.
During the packing stage, vibration times were set to 2, 4 and 6, respectively. And the spe-
cific parameter settings are shown in Figure 1 and Table 1. For the purpose of comparison,
conventional injection molding (CIM) samples of HDPE/PA6 blends were also prepared in
this experiment. The prepared samples are denoted as CIM and VIM-x, where CIM and
VIM represent the samples molded by CIM and MFVIM, while x means the vibration times.
The sampling methods for various characterizations are shown in Figure 2.
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Figure 1. The relationship between the vibration pressure and time of VIM and CIM samples during
the packing stage.
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Table 1. Processing parameters during packing stage. (P: pressure/MPa, t: start time/s).

Packing Pressure (P0) 1st 2nd 3rd 4th 5th 6th
P1 t1 P1 t2 P2 t3 P2 t4 P3 t5 P3 t6

VIM-2
30

80 1 80 4.5
VIM-4 80 1 80 4.5 100 9 100 13.5
VIM-6 80 1 80 4.5 100 9 100 13.5 120 18 120 22.5

2.3. Differential Scanning Calorimetry (DSC)

The thermal behavior and crystallinity of different samples were analyzed using a
differential scanning calorimetric instrument (TA Q250, TA Instruments, New Castle, DE,
USA). All measurements were performed under a nitrogen atmosphere. About 3–5 mg
of the samples was heated from 40 ◦C to 240 ◦C at a heating rate of 10 ◦C/min. The
crystallinity (Xc) of each sample can be calculated according to the following equation:

Xc =
∆Hm

w f ∆H0
m
× 100% (1)

where ∆Hm indicates the measured value of the enthalpy of melting obtained from the
DSC experiment. ∆H0

m means the enthalpy of the melting of completely crystallized PLA,
which is 293 J/g [43]. w f represents the mass fraction of HDPE in the mixture, which is 0.9
in this work.

2.4. Scanning Electron Microscopy (SEM)

In order to examine the distribution and morphology of the dispersed phase in differ-
ent samples, we etched the specimens by using formic acid to remove the PA6 dispersed
phase. To further observe the crystal morphology, the samples were placed in a mixed acid
solution for etching to remove the amorphous phase. The etched surfaces were cleaned
with distilled water in an ultrasonic bath and dried afterwards. After gold sputtering treat-
ment, the etched surfaces were examined by a field-emission scanning electron microscope
(Nova Nano SEM450, FEI company, Hillsboro, OR, USA) along the MD-ND plane with an
accelerating voltage of 10 kV.

2.5. 2D-WAXD and 2D-SAXS Measurements

Two-dimensional wide-angle X-ray diffraction (2D-WAXD) and two-dimensional
small-angle X-ray scattering (2D-SAXS) measurements were carried out on the BL16B1
beamline of the Shanghai Synchrotron Radiation Facility (SSRF), Shanghai, China. The
size of the rectangular beam was 0.5 × 0.8 mm2, and the wavelength of the light was
0.124 nm. The detector-to-sample distances for WAXD and SAXS were 88.5 mm and
1000 mm, respectively. The rectangular beam, perpendicular to the MD-ND plane in
Figure 2, was moved from the upper surface to the center region of the samples and
irradiated at five positions with an interval distance of 300 µm. The distances between the
upper surface and each position are about 300, 600, 900, 1200 and 1500 µm, respectively.

The crystal orientation is calculated by using Herman’s orientation function, which is
defined as

f =
3 < cos2ϕ >hkl − 1

2
(2)

where
〈
cos2ϕ

〉
hkl is the orientation factor, which is defined as

cos2ϕ =

∫ π/2
0 I(ϕ)sin(ϕ)cos2ϕdϕ
∫ π/2

0 I(ϕ)sinϕdϕ
(3)

where ϕ is the angle between the molecular chain direction and the melt flow direction,
and I(ϕ) is the scattering intensity at angle ϕ. When f is equal to 0, the molecular chains
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are randomly arranged. When f is −0.5 or 1.0, the c axes of all the crystals are exactly
perpendicular or parallel to the flow direction, respectively.

2.6. Mechanical Test

The mechanical strength of injection-molded products is tested using an electronic
universal testing machine (68TM-10, Instron, Boston, MA, USA). According to ASTM
D-638-V, the samples for the tensile test were cut into dumbbell bars with the dimensions
of 65 mm × 4 mm × 3 mm (length × width of narrow part × thickness). All tests were
carried out at room temperature with a cross-head speed of 50 mm/min. Five specimens of
each group were tested, and the results were averaged.

A LX-D Shore Hardness Tester (HANDPI, Yueqing, China) was used to measure the
surface hardness of the injection-molded parts. According to ASTM D2240, the hardness
test was performed at room temperature with a specimen thickness of 6 mm. The hardness
of the samples was tested at five different locations on the surface of each specimen, and
the results were averaged.

3. Results and Discussion
3.1. Phase Morphology

In order to investigate the morphology of the dispersed phase at different locations
in the samples, the etched surfaces were observed by SEM, and the results are shown in
Figure 3. For CIM, although the dispersed phase can be stretched along the flow direction
due to the shear effect introduced by the filling process, it is limited around 300 µm
that oriented fibers can be observed. Meanwhile, at 600 µm, the PA6 dispersed phase
gradually transforms from fibers to rod-like particles with a low length–diameter (L/D)
ratio. Moreover, there is a typical sea-island structure in the core region, in which the
dispersed phase is mainly ellipsoidal or spherical. However, after the introduction of a
strong shear field, the situation changes dramatically. For VIM-2, in situ microfibers with a
large L/D ratio can be observed at both 300 µm and 600 µm. In addition, the dispersed
phase can still form oriented short rods at 900 µm and 1200 µm. Meanwhile, for VIM-4
and VIM-6, highly oriented fibers can be found from 300 µm to 1200 µm. Furthermore,
there are still a small number of fibers remaining at 1500 µm. From the above results, it
can be concluded that in situ microfibers can be formed under the effect of a strong shear
field provided by the MFVIM technology, and with the increase in vibration times, the
distribution of fibers gradually expands to the core region.

3.2. Thermal Behavior

Figure 4a shows the DSC curves of the composites prepared under different processing
conditions, and the crystallinity calculated according to the curves is displayed in Figure 4b.
In order to illustrate the role of the PA6 dispersed phase in the crystallization process of the
HDPE matrix, we also performed DSC analysis on CIM samples of pure HDPE (donated
as CIM-H). As can be seen from the figure, the crystallinity of CIM-H is 62.1%, while the
crystallinity of the HDPE/PA6 composites are all around 65.5%. The crystallinity of the
HDPE matrix increases by about 3.4% after the addition of the PA6 phase. Therefore, in this
experiment, the improvement in the crystallinity of the HDPE matrix is mainly due to the
heterogeneous nucleation of the PA6 dispersed phase, and the difference in the morphology
of the dispersed phase has little effect on the crystallinity of the matrix.
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3.3. Crystalline Structure

In order to obtain detailed information about the crystal structure of the samples, the
amorphous phase was etched away using a mixed acid solution, and the etched surfaces
were characterized by SEM. The SEM images taken at different locations of different samples
are shown in Figure 5. For CIM, some lamellae oriented along the flow direction can be
observed at 400 µm, while at other locations, the lamellae are randomly aligned. After the
introduction of a strong shear field, although the obtained samples are all dominated by
oriented structures at 400 µm and 900 µm, there is still a difference in the crystal structures.
For VIM-2, some shish-kebabs can be seen at 400 µm, while the crystal is mainly the oriented
lamellae at 900 µm. For VIM-4 and VIM-6, it can be found that plenty of shish-kebab and
hybrid shish-kebab structures oriented along the flow direction can be observed at 400 µm
and 900 µm, and the lamellae still remains oriented at the core region (1500 µm). Moreover,
there are more shish-kebab and hybrid shish-kebab structures formed in VIM-6 compared
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to VIM-4. It indicates that the content of shish-kebabs and hybrid shish-kebabs in the
samples grows with the increase in vibration times.
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certain distance away from the surface.

The enlarged micrographs of shish-kebab and hybrid shish-kebab structures in VIM-6
at 900 µm are shown in Figure 6. From Figure 6a, it can be found that the molten molecular
chains are highly oriented along the flow direction under the effect of a strong shear field.
Moreover, during the cooling process, the HDPE lamellar grows in attachment to the
oriented molecular chains to form shish-kebab structures. Meanwhile, for hybrid shish-
kebab structures, it can be seen from Figure 6b that the PA6 in situ microfibers replace the
oriented HDPE molecular chains as the “shish” and the oriented HDPE lamellar grows
periodically on the surface of the fibers.

The 2D-WAXD patterns of different samples at different locations are given in Figure 7.
The diffraction pattern consists of two diffraction rings, where the inner one and outer one
represent the (110) and (200) lattice planes of HDPE, respectively. The diffraction patterns of
CIM are arc-like at 300 µm and 600 µm, indicating that there are oriented structures formed
at these locations. Meanwhile, at other locations, the diffraction patterns exhibit typical
isotropic diffraction rings. This suggests that during the process of CIM, the formation of
oriented structures is limited in thickness due to the weak shear effect. However, for VIM-2,
it displays arc-like diffraction patterns at the positions of 300 µm to 900 µm. Meanwhile, at
1200 µm and 1500 µm, the diffraction patterns are isotropic diffraction rings. In addition,
the diffraction patterns all show arc-like patterns from 300 µm to 1500 µm for VIM-4 and
VIM-6, indicating that the oriented structures are generated from the surface layer to the
core layer in these two samples. In general, the distribution of oriented structures in the
samples is consistent with the results of SEM.
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In order to quantitatively investigate the orientation degree of different layers in
different samples, the calculated results of the orientation degree are summarized in
Figure 8. The orientation degree of CIM is kept at 0.2–0.4 (except 300 µm) and always
lower than that of the MFVIM samples. For MFVIM samples, as the distance from the
surface increases, the orientation degree of all the composites rises sharply and then falls.
Moreover, the orientation degree of VIM-2 is obviously lower than the other two samples,
while the orientation degree of VIM-4 and VIM-6 shows little difference. This suggests
that the orientation degree improves dramatically with the increase in vibration times.
However, when the number of vibrations is greater than four, continuing to increase the
vibration times has little effect on the improvement in the orientation degree.

To further study the difference in the crystal structure of HDPE/PA6 composites
prepared by different processing conditions, the 2D-SAXS patterns of CIM, VIM-2, VIM-4
and VIM-6 samples at different positions are shown in Figure 9. For CIM, orientation
signals appear in the equatorial direction of the patterns at 300 µm and 600 µm, indicating
that there are oriented fibers or crystals formed in the sample at these locations. On the
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contrary, other positions of CIM show typical isotropic scattering patterns, meaning that
both the dispersed phase and crystal at these positions are randomly distributed. As for the
MFVIM samples, typical shish-kebab signals are observed at 300 µm and 600 µm in all three
samples, including a “shish” signal along the equatorial direction and a “kebab” signal
along the meridian direction. This suggests that under the effect of a strong shear field, the
surface layer of the samples all form highly oriented shish-kebab structures. In addition,
shish-kebab signals also appear at 900 µm and 1200 µm of VIM-4 and VIM-6, whereas only
conventional orientation signals appear at the same positions of VIM-2. Surprisingly, weak
shish-kebab signals can be observed at 1500 µm in VIM-4 and VIM-6, suggesting that small
amounts of shish-kebab structures form in the core region of the two samples. Furthermore,
it is evident that the shish-kebab signals at 300–900 µm are stronger with the increase in
vibration times.
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3.4. Mechanical Properties

The tensile strength, tensile modulus and elongation at break of different samples
are given in Figure 10a–c, respectively. To explain the role of the PA6 dispersed phase in
composites for the enhancement of mechanical properties, we also performed tensile tests
on CIM-H. The tensile strength, tensile modulus and elongation at break of CIM-H (not
shown in the figure) are 34.8 MPa, 744.3 MPa and 162.2%, respectively. From Figure 10a,b,
it can be seen that after the addition of the PA6 dispersed phase, the tensile strength and
tensile modulus of CIM increase to 36.4 MPa and 774.5, respectively. The improvement is
very limited, which is due to the incompatibility of the HDPE matrix with the PA6 dispersed
phase, although PA6 is much stronger than HDPE [44]. However, after the introduction
of a strong shear field, the tensile strength and tensile modulus of the samples improve
significantly and increase with increasing vibration times. VIM-6 exhibits the maximum
tensile strength and tensile modulus, which are 66.5 MPa and 981.4 MPa, respectively.
Compared with CIM-H, the tensile strength and tensile modulus increase by 91% and 32%,
respectively. Meanwhile, compared to CIM, they improve by 83% and 27%, respectively.
The reason for the enhancement of the mechanical strength is the massive generation of
in situ microfibrils, shish-kebab and hybrid shish-kebab structures under the effect of the
strong shear field [8,31].
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Meanwhile, for tensile toughness, it can be noticed from Figure 10c that the sample
CIM possesses the maximum elongation at break. However, compared to the CIM-H
sample, there is a considerable decrease in the tensile toughness of CIM after the addition
of the PA6 dispersed phase, from 162.2% to 82.5%, which decreases by nearly 50%. After
the introduction of the strong shear field, the elongation at break continues to decrease.
But the elongation at break of all MFVIM samples remains above 50%, and the difference
among them is small. It indicates that the formation of microfibers and oriented structures
decreases the elongation at break of the material [35,39], while increasing vibration times
has little effect on the tensile toughness. In addition, the MFVIM samples can maintain
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an acceptable level of toughness (>50%) while the mechanical strength is significantly
improved. This suggests that products with balanced strength and toughness can be
prepared through this method.

In order to investigate the ability to resist the localized plastic deformation of the
material, the surface hardness of the material was tested [45]. The results are shown in
Figure 10d. As can be seen from the figure, CIM has the lowest surface hardness of 62.
After introducing the strong shear field, the surface hardness of the samples increases. The
surface hardness of VIM-2 reaches 68, improving by 9.6% compared to CIM. Moreover, the
surface hardness of the material further increases with increasing vibration times. VIM-6
possesses the maximum surface hardness of 72, which is 16% higher compared to CIM.
This suggests that the formation of in situ microfibers as well as shish-kebab structures
within the material facilitates the surface hardness of the HDPE material.

4. Conclusions

In this work, high-performance HDPE/PA6 microfibril composites were successfully
fabricated by MFVIM technology. Under the effect of the strong shear field, the PA6 dis-
persed phase forms in situ microfibers and a large number of shish-kebab and hybrid
shish-kebab structures are formed in the composites. Moreover, the distribution of mi-
crofibers gradually expands to the core region with the increase in vibration times. As
a result, the mechanical performance of the products improves dramatically. The tensile
strength, tensile modulus and surface hardness of VIM-6 reach up to 66.5 MPa, 981.4 MPa
and 72, respectively. Compared with CIM-H, the tensile strength and tensile modulus
increase by 91% and 32%, respectively. This study proposes an effective method for the
fabrication of high-performance HDPE-based composites, which is of great significance for
the preparation and application of HDPE products.
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Abstract: The modification of polymer materials’ useful properties can be applicable in many in-
dustrial areas due to the ability to make commodity and technical plastics (plastics that offer many
benefits, such as processability, by injection molding) useful in more demanding applications. In
the case of injection-molded parts, one of the most suitable methods for modification appears to
be high-energy irradiation, which is currently used primarily for the modification of mechanical
and thermal properties. However, well-chosen doses can effectively modify the properties of the
surface layer as well. The purpose of this study is to provide a complex description of high-energy
radiation’s (β radiation) influence on the useful properties of injection-molded parts made from
common polymers. The results indicate that β radiation initiates the cross-linking process in material
and leads to improved mechanical properties. Besides the cross-linking process, the material also
experiences oxidation, which influences the properties of the surface layer. Based on the measured
results, the main outputs of this study are appropriately designed regression models that determine
the optimal dose of radiation.

Keywords: polymers; beta radiation; injection molding; cross-linking; oxidation; regression;
mechanical properties; surface properties

1. Introduction

The ever-increasing consumption of polymer materials in the entire engineering
industry continually places pressure on the rising requirements put on base materials. One
of the options which can meet high technical requirements is the use of special, although
expensive, and difficult-to-process polymer materials [1–3]. Another alternative could
be the use of cheaper, commodity, and technical plastics in combination with a suitable
type of modification, which can enhance the material throughout its volume and improve
other mechanical and thermal properties [3,4]. These specific applications often require the
joining of individual parts to larger assemblies. One of the most important methods for
this kind of application is bonding. Unlike mechanical methods of connecting (welding,
riveting), bonding introduces no additional tension, dampens vibrations, increases rigidity
and buckling strength, and can be used for water- and gas-tight applications. Furthermore,
mechanical joints come with the drawback of being heavier [5]. The bonding of commodity
and technical plastics is usually preceded by suitable modifications [6], which target the
material’s surface layer properties, such as the wettability of joined surfaces, and increase
its free surface energy and adhesive properties [7].

If an application requires commodity and technical plastics, which can be polyethy-
lene (PE), polyamide (PA), etc., to satisfy the aforementioned criteria with regard to the
mechanical properties and quality of adhesive bonds, it is necessary to choose a suitable
type of modification for both the mechanical and surface properties [3,4,8]. Current studies
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describe a wide spectrum of methods that primarily focuses on either the modification of
mechanical and thermal properties [9–11] or on the alteration of surface properties [12–14].
Due to these modifications, many common polymers find their use not only in numerous
engineering applications but also outside of these, for example, in the biomedical field [15]
or energy industry [16].

Regarding the modification of a polymer’s surface, the most widely used methods
are plasma treatment [8,13,15,17], corona treatment [12,14], or chemical etching [12]. The
aforementioned methods are quite effective in the modification of surface layer properties;
however, their potential in the adjustment of mechanical properties is significantly limited.
It would be beneficial for industrial practice if one method could modify both the mechani-
cal [18,19] and surface layer properties of injection-molded materials [13,14,17]. From this
point of view, irradiation appears to be the most suitable method, as some recent studies
suggest that its use with a correctly chosen radiation dose could lead to an improvement
of not only the mechanical properties [18,19] but also lead to an effective modification of
surface layer properties, such as wettability or free surface energy [5].

The process of radiation cross-linking of injection-molded parts manufactured from
polymer materials is performed, exposing them to radiation (most commonly the electron
beams from electron accelerators). As mentioned by Makuuchi et al. [20] and other au-
thors [21,22], the primary interactions of accelerated electrons with polymer material are
the ionization, excitation, stabilization, neutralization, and generation of free radicals. Free
radicals can be created either due to the scission of a main chain or due to the dissociation
of a side chain. Following the primary reactions are secondary reactions, mainly hydrogen
abstraction, recombination (cross-linking or branching), chain scission, oxidation, and
grafting. All of these processes and reactions evoke either a positive or a negative change
in the targeted group of properties. One of the main desired reactions is, above all, cross-
linking, especially when an improvement in the material’s characteristics is the primary
objective [18,19]. The cross-linking process is underway when cross-linking prevails over
degradation, i.e., the number of cross-linked chains is higher than the number of chain scis-
sions. This observation was expanded upon by Gheysari et al. [23], who found that tested
polymers demonstrated varying values of useful properties dependent upon the absorbed
radiation dose (tensile strength rose with the increasing dose while elongation at break
decreased). The actuator of these changes was the cross-linking process, which resulted
in the creation of free radicals (breakup of C-H bonds) that subsequently recombined into
a spatial network due to the linking of two free radicals together (C-C bond) with neigh-
boring chains. As a result, mechanical properties were changed, which corresponds with
the conclusions of other authors [18,24–26]. In the case of some polymers, an addition of a
polyfunctional monomer is necessary to increase the initiation and recombination tendency
of its radicals. For injection-molded parts, this additive is mixed into the polymer blend
before the injection molding process [27]. This problem was studied by Malinowski [28],
who reached the conclusion that exposing polybutylene adipate terephthalate (PBAT) filled
by polyfunctional monomer triallyl isocyanurate (TAIC) to high-energy radiation led to
cross-linking, which resulted in the creation of a significant gel fraction and, thus, the
increase in tensile strength. Comparable results with regard to free radical recombination
in polymers with polyfunctional monomers were observed in other studies as well [27,29].

Besides the cross-linking, irradiated polymers also face degradation processes, which
can result in the worsening of useful properties. As shown in studies by Hama et al. [30] and
other authors [31,32], one of these degradation processes is oxidation, which can cause the
decline of the mechanical properties. On the other hand, degradation can also lead to the
more frequent creation of carbonyl functional groups on the polymer surface [5,6], which
can be useful for the improvement of adhesive properties and wettability of the surface. As
can be seen, the potential of radiation cross-linking is quite high. Due to its universal nature,
both the positive and the negative influences can be used in technical practice, one for the
improvement of mechanical properties and the other for the modification of the surface
layer. However, this universality is strongly dependent on the absorbed radiation dose,
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especially the ratio between both coexisting processes, i.e., cross-linking and degradation
(oxidation). Up to now, many important studies have been written on the topic of the
influence of high-energy radiation on the useful properties of polymer materials, e.g.,
studies of Holik, Danek, Manas et al. [33,34] and other authors [5,18–29]. Nevertheless, the
aforementioned correlation between the absorbed radiation dose and the required surface
and mechanical properties has not yet been comprehensively investigated.

Hence, the main goal of this study is to comprehensively describe the influence of
radiation cross-linking (by suitably designed regression models) on the useful properties
of injection-molded parts manufactured from commodity and technical plastics (PE and
PA). Furthermore, it is necessary to investigate the universality of this method, especially
regarding its ability to modify both the surface (free surface energy and adhesive properties)
and the mechanical (tensile and bending strength) properties in a wide spectrum of working
temperatures. The designed regression models could make finding the optimal value of
applied radiation dose with regard to the required surface and mechanical properties of
injection-molded parts easier.

2. Materials and Methods
2.1. Materials and Specimen Preparation

Verification of high-energy radiation’s influence on the useful properties of injection-
molded parts was performed on one representative from group of commodity thermoplas-
tics, specifically high-density polyethylene (HDPE) with trade name DOW HDPE 25055E
provided by DOW (Midland, MI, USA). The other representative was chosen out of the
technical plastics group, specifically, polyamide 66 (PA66) filled by 30 wt. % of glass fibers
with trade name V-PTS-CREAMID-A3H7.2G6*M0129A provided by PTS (Adelshofen, Ger-
many). The PA66 was also filled with polyfunctional monomer TAIC, which was performed
to increase the recombination frequency of polymer radicals [27–29,34].

Specimens were molded using the Arburg Allrounder 420C and 470H (Loßburg,
Germany). The cavities of the tools (injection molds) were machined with specific dimen-
sions, which are given by the individual standards for testing mechanical and surface
properties [35–38] and the strength of bonded joints in shear stressing [39]. The injection
molding process parameters for each material were chosen according to the manufacturer’s
recommendations and can be seen in Table 1.

Table 1. The injection molding process parameters.

Processing Conditions HDPE PA66

Injection Rate (mm/s) 60 60
Injection Pressure (MPa) 80 88
Holding Pressure (MPa) 60 70

Holding Time (s) 30 25
Cooling Time (s) 20 30

Mold Temperature (◦C) 40 75

Plastic Unit Temperature Bands

Zone 1 (◦C) 200 265
Zone 2 (◦C) 205 280
Zone 3 (◦C) 210 285
Zone 4 (◦C) 225 290

2.2. Modification of Specimens by High-Energy Radiation

After the manufacturing, the specimens were exposed to high-energy radiation, specif-
ically an electron beam produced by an electron accelerator (β radiation). The irradiation
was performed in standard atmospheric conditions at ambient temperature in BGS Beta-
Gamma Service, Saal an der Donau, Germany. Source of radiation was high-voltage electron
accelerator, type Rhodotron 10 MeV–200 kW (Tongeren, Belgium). Magnitude and range of
doses were set according to the industrial practice to 33, 66, 99, 132, 165, and 198 kGy. Since
the thickness of modified samples was, at maximum, 10 mm, the one-sided irradiation
method could be used (the penetration depth of β radiation was determined based on
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the density of irradiated material and energy of the electron beam) [3,36]. In order to
prevent the induction of thermal stresses in the irradiated specimens, the exposure was
performed in cycles (the specimens were exposed to 33 kGy each cycle). The magnitude of
the radiation dose was measured by Nylon FTN 60-00 dosimeter (Goleta, CA, USA) [40].
The subsequent analysis of absorbed dose was performed by Genesys 5 spectrometer in
accordance with ASTM 51261 [41].

2.3. Determination of Surface and Adhesive Properties

The influence of high-energy radiation on the wettability of injection-molded surfaces
was determined and quantified by its free surface energy and the subsequent spectroscopic
analysis that focused on the degree of oxidation. The influence of radiation on the adhesive
properties of injection-molded surfaces was determined by change in the strength of bonded
joints in shear and the type of failure.

2.3.1. Free Surface Energy

The determination of free surface energy of the tested specimens was performed
by regression model Owens–Wendt–Rabel–Kaelble (OWRK) [5,40,42–46], which uses the
values of the wetting contact angles. The individual values of wetting contact angles
were measured by sessile drop method on SeeSystem device made by Advex Instruments
(Brno, Czech Republic). Each wetting contact angle measurement was performed according
to CSN EN 15802 [38]. Three reference liquids with varying surface tension (distilled
water: 72.8 mJ/m2, glycerine: 64 mJ/m2, ethylene glycol: 48 mJ/m2) were used [46]. Each
specimen was measured 15 times for each reference liquid. Reference liquids’ drops were
applied on surface layer by micropipette (volume of each applied drop was 4 µL).

The analysis of drops profile (Figure 1) was used in following equations, which led to
determination of wetting contact angles [5,40,47]:

h = R(1 − cos θ), (1)

rb = Rsinθ, (2)

and h
rb

=
1 − cos θ

sin θ
= tan

(
θ

2

)
. (3)

Polymers 2024, 16, x FOR PEER REVIEW 5 of 22 
 

 

 
Figure 1. Droplet profile analysis: θ—wetting contact angle; h—droplet height, rb—droplet radius 
at contact point; and R—entire droplet radius [5,40]. 

2.3.2. Fourier-Transform Infrared (FTIR) Spectroscopy 
The degree of specimens’ surface layer changes was investigated by ATR-FTIR spec-

troscopy. This was performed on Nicolet iS50 FTIR device (Thermo ScientificTM, Waltham, 
MA, USA) [40] equipped with diamond ATR crystal. The spectra were recorded with 4 
cm−1 resolution and 60 scans, while the evaluation was performed by Omnic® software 
(version 9.3.32, Thermo ScientificTM, Waltham, MA, USA). Specifically, the spectra from 
three different places of the sample were acquired, and their baseline was corrected by 
means of automatic algorithm of the Omnics software. From these spectra, an average 
spectrum of the sample was calculated. 

2.3.3. Strength of Bonded Joints in Shear 
The creation of bonded joints, including shape and dimensions of specimens (Figure 

2), was performed in accordance with CSN EN 1456 [39]. The specimens were bonded by 
commercially available adhesive with cyanoacrylate basis PR100 manufactured by 3M 
(Saint Paul, MN, USA). A consistent thickness of the adhesive layer was ensured by spac-
ers placed between the bonded samples. The shear strength of joint’s bond was measured 
by testing on Zwick 1456 (ZwickRoell, Ulm, Germany) with crossbar velocity of 50 
mm/min. The bonded joint was symmetrically placed in grips (distance between grips was 
(50 ± 1) mm). The spacers were used in order to ensure the point of force application was 
in bonded joint’s plane. The measured data were evaluated by TestXpert® II software (ver-
sion 2.1, ZwickRoell, Ulm, Germany). 

Figure 1. Droplet profile analysis: θ—wetting contact angle; h—droplet height, rb—droplet radius at
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2.3.2. Fourier-Transform Infrared (FTIR) Spectroscopy

The degree of specimens’ surface layer changes was investigated by ATR-FTIR spec-
troscopy. This was performed on Nicolet iS50 FTIR device (Thermo ScientificTM, Waltham,
MA, USA) [40] equipped with diamond ATR crystal. The spectra were recorded with
4 cm−1 resolution and 60 scans, while the evaluation was performed by Omnic® software
(version 9.3.32, Thermo ScientificTM, Waltham, MA, USA). Specifically, the spectra from
three different places of the sample were acquired, and their baseline was corrected by
means of automatic algorithm of the Omnics software. From these spectra, an average
spectrum of the sample was calculated.

2.3.3. Strength of Bonded Joints in Shear

The creation of bonded joints, including shape and dimensions of specimens
(Figure 2), was performed in accordance with CSN EN 1456 [39]. The specimens were
bonded by commercially available adhesive with cyanoacrylate basis PR100 manufactured
by 3M (Saint Paul, MN, USA). A consistent thickness of the adhesive layer was ensured
by spacers placed between the bonded samples. The shear strength of joint’s bond was
measured by testing on Zwick 1456 (ZwickRoell, Ulm, Germany) with crossbar velocity of
50 mm/min. The bonded joint was symmetrically placed in grips (distance between grips
was (50 ± 1) mm). The spacers were used in order to ensure the point of force application
was in bonded joint’s plane. The measured data were evaluated by TestXpert® II software
(version 2.1, ZwickRoell, Ulm, Germany).
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Figure 2. Bonded joint (dimensions in mm): (1) adhesive layer; (2) area of test machine grips;
(3) shear area [39,40].

2.3.4. Analysis of Bonded Surfaces

The analysis of failure type of bonded joints was performed by evaluation of bonded
joints’ images after strength testing by optical profilometer NewView 8000 (Zygo, Middle-
field, OH, USA). The profilometer used interferometric scanning method and its vertical
variation. The measurement is based on phase shift (use of white and monochromatic light).
Speed of vertical scanning was 96 µm/s, and Streamlined MxTM software (version 8.0.0.33,
Zygo, Middlefield, OH, USA) was used for processing of measured data.

2.4. Measurement of Mechanical Properties and Gel Content

The evaluation and quantification of the influence of high-energy radiation on the
mechanical properties of tested specimens was performed by the investigation of tensile
and bending strength, while the determination of cross-linked phase was performed by
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gel test. As injection-molded parts modified by high-energy radiation can be used in
higher working temperatures, these properties were also tested under wide spectrum of
working temperatures.

2.4.1. Mechanical Properties

The testing of mechanical properties was performed by tensile strength and three-
point bending test on universal testing machine Zwick 1456 (ZwickRoell, Ulm, Germany)
in accordance with CSN EN ISO 527-1 [35], CSN EN 527-2 [36], and CSN EN ISO 178 [37]
standards. The working temperatures for tensile strength and three-point bending tests can
be seen in Table 2. A temperature chamber W91255 (ZwickRoell, Ulm, Germany) was used
to heat the test specimens (in the case of tests at elevated temperatures). The test speed
was set to 50 mm/min (tensile strength) and 5 mm/min (bending test). Distance between
the supports for three-point bending test was (64 ± 1) mm. As with the testing of bonded
joint strength, the measured data were evaluated by TestXpert® II software (version 2.1,
ZwickRoell, Ulm, Germany).

Table 2. The mechanical properties–working temperatures.

Material Mechanical Properties (MPa) Working Temperatures (◦C)

HDPE
Tensile and Bending Strength

23, 30, 40, 50, 60, 70, 80

PA66 23, 50, 80, 110, 140, 170, 200

2.4.2. Gel Content (Degree of Cross-Linking)

The determination of degree of cross-linking was performed by gel test in accordance
with ASTM D2765 standard–Test Method C [48]. In this case, a 0.5 g of solid sample-cut
from the whole modified specimen (measured to five decimal numbers) was mixed with
100 mL of solvent, i.e., xylene. The solvent dissolved amorphous part of tested polymers,
while the cross-linked part remained undissolved. The mixture was boiled for 24 h. After
that, the gel and the dissolved phase were separated. After separation, the gel (undissolved
cross-linked part) was dried for 8 h in vacuum at 100 ◦C. Dried remnant of sample was
once again weighted to five decimal numbers and compared with original weight. Degree
of cross-linking was then determined from following equation [48,49]:

Gi =
m3 − m1

m2 − m1
·100, (4)

in which Gi represents the degree of cross-linking of tested sample (in percent); m1 is the
weight of equipment (in milligrams); m2 is the overall weight of original sample and equip-
ment (in milligrams), and m3 is the overall weight of sample’s remnant and equipment.

3. Results

The individual measurements were performed 15 times at atmospheric conditions
and room temperature (23 ◦C). Based on measured data, a suitable regression model
together with parameters was prepared to describe the influence of radiation dose on
observed characteristics. The models were designed with the help of the following software:
Minitab®17 (Minitab Inc., State College, PA, USA), QC-Expert 3.3 (TriloByte, Staré Hradiště,
Czech Republic). The designed model has the following form:

y = b0 + b1x + b2x2 (5)

where y is the observed characteristic, x is the radiation dose (kGy), and b0, b1, b2 are the
estimates of regression parameters.

During the search for a regression model, a test of statistical significance was per-
formed. The output of regression model testing was the “rejection of hypothesis of insignif-
icance”. Furthermore, a calculation of “predicted correlation coefficient” and “median
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quadratic error of prediction” was performed with the intent to estimate the regression
parameters and find the type of regression function on confidential level 1 − α = 0.9, i.e.,
α = 0.1. This step, i.e., choice of α = 0.1, was necessary to correctly process the results, as due
to the difficult preparation of specimens, a certain noise in the data must be assumed. At the
end of data processing, a regression triplet was tested [50]. The subsequent spatial display
of designed regression models was performed by OriginPro® 2023 software (version 10.0,
OriginLab, Northhampton, MA, USA).

3.1. Surface and Adhesive Properties

The effect of β radiation on the surface properties of tested materials was evaluated
by the free surface energy since previously submitted studies [5,7,40] indicate that a high
value of the free surface energy is the key factor for the good wettability of surfaces and
the subsequent creation of quality adhesive bonds, which significantly affect the load
capacity of bonded joints. For this reason, the load capacity of bonded joints was chosen as
demonstrative test of practical application of β radiation effect on the adhesive properties.

The models’ designed parameters for the description of the change in free surface
energy and strength of the bonded join in dependence on absorbed radiation dose can be
seen in Table 3, while individual models are displayed in Figure 3. The characteristics of
designed regression models are shown in Table 4.

Table 3. The estimations of regression parameters–surface and adhesive properties.

Material Tested Parameter
Estimations of Regression Parameters

b0 b1 b2

HDPE
Free Surface Energy (mJ/m2) 2.457 × 101 1.675 × 10−1 −5.010 × 10−4

Load-Bearing of Adhered Joints (MPa) 5.324 × 10−1 8.312 × 10−3 −2.700 × 10−5

PA66
Free Surface Energy (mJ/m2) 3.170 × 101 7.673 × 10−2 −3.553 × 10−4

Load-Bearing of Adhered Joints (MPa) 9.508 × 100 4.459 × 10−3 −2.300 × 10−5
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energy; (bII) PA66, load-bearing of adhered joints.

The results shown in Table 3 and Figure 3 demonstrate that β radiation influences the
value of free surface energy. Out of both tested polymers, a higher growth of free surface
energy was found in HDPE, in which the value rose from 24.6 mJ/m2 to 38.6 mJ/m2, which
was a total increase of 57%. In the case of PA66, the growth was 13%, which was not as
impressive. The increase in free surface energy influenced adhesive properties of tested
polymers, which resulted in an increase in the shear strength in bonded joints.
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Table 4. The characteristics of designed regression models–surface and adhesive properties.

Parameters
HDPE PA66

Free Surface
Energy

Load-Bearing of
Adhered Joints

Free Surface
Energy

Load-Bearing of
Adhered Joints

Coefficient of Multiple Correlation 9.352 × 10−1 9.223 × 10−1 8.579 × 10−1 9.424 × 10−1

Coefficient of Determination 8.745 × 10−1 8.507 × 10−1 7.360 × 10−1 8.881 × 10−1

Predicted Correlation Coefficient 3.503 × 10−1 2.188 × 10−1 1.626 × 10−1 4.422 × 10−1

Mean Squared Error of Prediction 1.117 × 101 3.016 × 10−2 3.763 × 100 2.842 × 10−3

Testing of Regression Triplet

Fisher–Snedecor Test of Model Significance model is significant
Scott’s Criteria of Multicollinearity model is correct

Cook–Weisberg Score Test for
Heteroskedasticity residue demonstrating homoskedasticity

Jarque–Berra Test of Normality residue has normal distribution
Wald Test of Auto Correlation autocorrelation is insignificant

Durbin–Watson Test of Auto Correlation negative autocorrelation of residues not demonstrated

The shear strength of HDPE modified by radiation rose from 0.53 MPa to 1.17 MPa,
which was an increase of 120%. For PA66, the growth of shear strength was significantly
lower, approximately 3%. The highest growth for both polymers and each observed charac-
teristic was found in materials irradiated by higher doses of radiation, specifically the doses
higher than 132 kGy for HDPE and the doses in the range of 99 to 132 kGy for PA66.

Table 4 shows the characteristics of designed regression models designated for the
description of changes in the surface and adhesive properties of tested polymers modified
by the β radiation. As can be interpreted from the results, the designed models for the
description of β radiation effect on the magnitude of free surface energy and the strength
of bonded joints are significant and correct. The residues demonstrate homoskedasticity, a
normal distribution, and insignificant autocorrelation.

Besides the growth of the strength of bonded joints and adhesive properties, the effect
of the radiation modification can also be observed in the change in failure type in the
bonded joint. Figures 4 and 5 show images of bonded surfaces after the strength test. For
HDPE, the non-modified surfaces generally experienced failure on the phase interface of
adherent/adhesive (Figure 4a). Due to irradiation, adhesive properties were improved,
which also impacted the change in failure type. After the modification by β radiation, a
mixed failure type was observed in HDPE, i.e., a combination of adhesive and cohesive
failure (Figure 4b). Figure 4b displays the bonded surface (after shear strength testing),
which was modified by β radiation. The blue and red areas indicate assumed adhesive
failure, while green and yellow areas indicate cohesive failure in a layer of adhesive (height
of adhesive was 80 µm). In the case of PA66, it is difficult to unequivocally determine the
type of failure (Figure 5a,b). However, due to irradiation, the change in the topography of
the bonded surface occurred in both HDPE (Figure 4c,d) and PA66 (Figure 5c,d).

As can be seen in Figure 4a,c, the non-modified surface has a distribution of Z coor-
dinates quite close to the standard normal distribution with parameters µ = 0 and σ = 1.
This is given not only by the normality test, according to Anderson–Darling, which has
not refused normality, but also from the shape of the histogram for the Z coordinate. On
the other hand, Figure 4b,d shows the surface of the specimen modified by the β radiation,
which shows a significant breach of normality of the Z coordinate. The Anderson–Darling
test showed that the normality of the Z coordinate was refused. This can also be interpreted
from the asymmetrical shape of a given histogram.

As can be seen in Figure 5a,c, the non-modified surface demonstrates the Z coordinate
distribution that is very close to the standard normal distribution with parameters µ = 0
and σ = 1. The coordinate was once again tested by the Anderson–Darling test, which has
not refused normality. However, it is also possible to say that the Z coordinate was slightly
sloped. This observation does not appear significant. The surface in Figure 5b,d, which was
modified by β radiation, does not demonstrate a breach of normality of the Z coordinate.
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The repeated application of the Anderson–Darling test did not lead to the refusal of the
Z coordinate.

Polymers 2024, 16, x FOR PEER REVIEW 9 of 22 
 

 

lower, approximately 3%. The highest growth for both polymers and each observed char-
acteristic was found in materials irradiated by higher doses of radiation, specifically the 
doses higher than 132 kGy for HDPE and the doses in the range of 99 to 132 kGy for PA66. 

Table 4 shows the characteristics of designed regression models designated for the 
description of changes in the surface and adhesive properties of tested polymers modified 
by the β radiation. As can be interpreted from the results, the designed models for the 
description of β radiation effect on the magnitude of free surface energy and the strength 
of bonded joints are significant and correct. The residues demonstrate homoskedasticity, 
a normal distribution, and insignificant autocorrelation. 

Besides the growth of the strength of bonded joints and adhesive properties, the ef-
fect of the radiation modification can also be observed in the change in failure type in the 
bonded joint. Figures 4 and 5 show images of bonded surfaces after the strength test. For 
HDPE, the non-modified surfaces generally experienced failure on the phase interface of 
adherent/adhesive (Figure 4a). Due to irradiation, adhesive properties were improved, 
which also impacted the change in failure type. After the modification by β radiation, a 
mixed failure type was observed in HDPE, i.e., a combination of adhesive and cohesive 
failure (Figure 4b). Figure 4b displays the bonded surface (after shear strength testing), 
which was modified by β radiation. The blue and red areas indicate assumed adhesive 
failure, while green and yellow areas indicate cohesive failure in a layer of adhesive 
(height of adhesive was 80 µm). In the case of PA66, it is difficult to unequivocally deter-
mine the type of failure (Figure 5a,b). However, due to irradiation, the change in the to-
pography of the bonded surface occurred in both HDPE (Figure 4c,d) and PA66 (Figure 
5c,d). 

  
(a) (b) 

  
(c) (d) 

Figure 4. The bonded surface for HDPE after shear strength test: (a) Image of original surface; (b) 
image of surface modified by β radiation; (c) topography of non-modified surface; (d) topography 
of surface modified by β radiation. 

Figure 4. The bonded surface for HDPE after shear strength test: (a) Image of original surface;
(b) image of surface modified by β radiation; (c) topography of non-modified surface; (d) topography
of surface modified by β radiation.

Polymers 2024, 16, x FOR PEER REVIEW 10 of 22 
 

 

  
(a) (b) 

  
(c) (d) 

Figure 5. The bonded surface for PA66 after shear strength test: (a) Image of original surface; (b) 
image of surface modified by β radiation; (c) topography of non-modified surface; (d) topography 
of surface modified by β radiation. 

As can be seen in Figure 4a,c, the non-modified surface has a distribution of Z coor-
dinates quite close to the standard normal distribution with parameters µ = 0 and σ = 1. 
This is given not only by the normality test, according to Anderson–Darling, which has 
not refused normality, but also from the shape of the histogram for the Z coordinate. On 
the other hand, Figure 4b,d shows the surface of the specimen modified by the β radiation, 
which shows a significant breach of normality of the Z coordinate. The Anderson–Darling 
test showed that the normality of the Z coordinate was refused. This can also be inter-
preted from the asymmetrical shape of a given histogram. 

As can be seen in Figure 5a,c, the non-modified surface demonstrates the Z coordi-
nate distribution that is very close to the standard normal distribution with parameters µ 
= 0 and σ = 1. The coordinate was once again tested by the Anderson–Darling test, which 
has not refused normality. However, it is also possible to say that the Z coordinate was 
slightly sloped. This observation does not appear significant. The surface in Figure 5b,d, 
which was modified by β radiation, does not demonstrate a breach of normality of the Z 
coordinate. The repeated application of the Anderson–Darling test did not lead to the re-
fusal of the Z coordinate. 

Figures 6 and 7 show the results from infrared spectroscopy. The evaluation of spec-
tra of the non-modified HDPE (Figure 6a) and the material modified by the β radiation 
demonstrated the characteristic absorption bands in the range of 1680 cm−1 to 1740 cm−1, 
which confirms the expected creation of functional carbonyl groups in tested material 
(Figure 6b). These results correspond with an earlier study [5], which focused on the 
change in surface layer properties, including the oxidation and relative representation of 
carbonyl and hydroxyl functional groups, dependent upon the absorbed dose of high-
energy radiation. 
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Figures 6 and 7 show the results from infrared spectroscopy. The evaluation of spectra
of the non-modified HDPE (Figure 6a) and the material modified by the β radiation
demonstrated the characteristic absorption bands in the range of 1680 cm−1 to 1740 cm−1,
which confirms the expected creation of functional carbonyl groups in tested material
(Figure 6b). These results correspond with an earlier study [5], which focused on the
change in surface layer properties, including the oxidation and relative representation of
carbonyl and hydroxyl functional groups, dependent upon the absorbed dose of high-
energy radiation.
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In the case of PA66 modified by the β radiation, there are some notable changes
between the spectra of the untreated and irradiated samples (Figure 7). Specifically, a
decreased intensity of the peak area at 1684 cm−1, lower ratio of Amide I (1632 cm−1) to
Amide II (1537 cm−1) respective bands, and changes in the absorption bands between
1060 and 1000 cm−1 can be observed in the spectrum of the irradiated sample (Figure 7b).
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This indicates the reduction of C=O groups in the polymer chain and possible conforma-
tional changes.

3.2. Mechanical Properties

The changes in mechanical properties induced by the β radiation were determined
by tensile and bending strength tests. Both tested characteristics were measured in a wide
spectrum of working temperatures (see Table 2). The designed parameters of the regression
model designated for the description of changes in tensile and bending strength dependent
upon the absorbed dose can be seen in Tables 5 and 6.

Table 5. The estimation of regression parameters–mechanical properties (HDPE).

Tested Property
(MPa)

Working
Temperature (◦C)

Estimations of Regression Parameters

b0 b1 b2

Tensile Strength

23 2.189 × 101 4.892 × 10−2 −1.727 × 10−4

30 1.965 × 101 3.950 × 10−2 −1.520 × 10−4

40 1.674 × 101 5.195 × 10−2 −1.968 × 10−4

50 1.406 × 101 5.952 × 10−2 −2.230 × 10−4

60 1.267 × 101 3.409 × 10−2 −1.432 × 10−4

70 1.082 × 101 2.835 × 10−2 −1.006 × 10−4

80 9.150 × 100 2.165 × 10−2 −8.527 × 10−5

Bending
Strength

23 2.642 × 101 8.323 × 10−2 −3.290 × 10−4

30 2.183 × 101 5.530 × 10−2 −2.285 × 10−4

40 1.769 × 101 5.519 × 10−2 −2.033 × 10−4

50 1.410 × 101 2.781 × 10−2 −9.073 × 10−5

60 1.071 × 101 4.004 × 10−2 −1.749 × 10−4

70 8.898 × 100 2.597 × 10−2 −1.028 × 10−4

80 7.386 × 100 3.517 × 10−2 −1.541 × 10−4

Table 6. The estimation of regression parameters–mechanical properties (PA66).

Tested Property
(MPa)

Working
Temperature (◦C)

Estimations of Regression Parameters

b0 b1 b2

Tensile strength

23 1.669 × 102 2.908 × 10−1 −9.806 × 10−4

50 1.262 × 102 1.735 × 10−1 −5.302 × 10−4

80 1.056 × 102 8.377 × 10−2 −3.280 × 10−4

110 8.970 × 101 9.665 × 10−2 −3.903 × 10−4

140 7.853 × 101 2.489 × 10−2 −2.274 × 10−4

170 6.714 × 101 2.771 × 10−2 −7.871 × 10−5

200 5.525 × 101 2.435 × 10−2 −7.980 × 10−5

Bending
strength

23 1.889 × 102 9.491 × 10−1 −3.594 × 10−3

50 1.651 × 102 4.370 × 10−1 −1.675 × 10−3

80 1.385 × 102 2.314 × 10−1 −9.030 × 10−4

110 1.192 × 102 6.753 × 10−2 −1.968 × 10−4

140 1.032 × 102 7.727 × 10−2 −1.793 × 10−4

170 8.870 × 101 5.942 × 10−2 −2.241 × 10−4

200 7.257 × 101 1.054 × 10−1 −3.170 × 10−4

A spatial portrayal of designed regression models with their respective areas, which
characterize the degree of influence of radiation on given characteristics (high, medium,
and low influence), can be seen in Figures 8 and 9, while examples of bending curves are
presented in Figure 10. The characteristics of designed regression models are shown in
Tables 7 and 8.
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Table 7. The characteristics of designed regression models (HDPE).

Parameters
Working Temperature (◦C)

23 30 40 50 60 70 80

Coefficient of
Multiple

Correlation

Tensile strength 9.099 × 10−1 9.187 × 10−1 8.646 × 10−1 8.810 × 10−1 8.590 × 10−1 9.297 × 10−1 8.524 × 10−1

Bending
strength 9.121 × 10−1 9.266 × 10−1 8.771 × 10−1 9.445 × 10−1 8.315 × 10−1 8.631 × 10−1 8.756 × 10−1

Coefficient of
Determination

Tensile strength 8.279 × 10−1 8.439 × 10−1 7.475 × 10−1 7.762 × 10−1 7.378 × 10−1 8.643 × 10−1 7.265 × 10−1

Bending
strength 8.318 × 10−1 8.586 × 10−1 7.693 × 10−1 8.922 × 10−1 6.913 × 10−1 7.449 × 10−1 7.666 × 10−1

Predicted
Correlation
Coefficient

Tensile strength 2.090 × 10−2 4.271 × 10−3 3.806 × 10−1 7.883 × 10−2 2.528 × 10−1 1.113 × 10−1 7.581 × 10−1

Bending
strength 3.031 × 10−2 1.986 × 10−2 2.075 × 10−2 4.968 × 10−2 6.614 × 10−1 3.936 × 10−1 2.980 × 10−2

Mean Squared
Error of

Prediction

Tensile strength 1.892 × 100 9.023 × 10−1 2.781 × 100 2.865 × 100 8.863 × 10−1 3.503 × 10−1 5.207 × 10−1

Bending
strength 4.183 × 100 1.185 × 100 2.320 × 100 4.701 × 10−1 1.476 × 100 6.297 × 10−1 4.667 × 10−1

Testing of Regression Triplet

Fisher–Snedecor Test of Model
Significance model is significant

Scott’s Criteria of Multicollinearity model is correct
Cook–Weisberg Score Test for

Heteroskedasticity residue demonstrating homoskedasticity

Jarque–Berra Test of Normality residue has normal distribution
Wald Test of Auto Correlation autocorrelation is insignificant
Durbin–Watson Test of Auto

Correlation negative autocorrelation of residues not demonstrated
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The results displayed in Table 5, Figures 8 and 10 show that β radiation increased the
tensile and bending strength in HDPE for a wide spectrum of working temperatures. In the
case of the tensile strength, the increase was in the range of 13 to 28%, depending on the
applied radiation dose and working temperature (Table 5 and Figure 8a). For example, at
ambient temperature, the tensile strength grew by 3.5 MPa, while only a 1.4 MPa increase
was measured for tests conducted at 80 ◦C. Regarding the bending strength, the growth was
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in the range of 15 to 27%, dependent on the radiation dose and the working temperature
(Table 5, Figures 8b and 10a). For example, at ambient temperature, the bending strength
grew by 5.2 MPa, while at the highest working temperature, the growth was only 2.1 MPa.
On responsive areas (Figure 8c,d), the effect of radiation on the tensile and bending strength
can be observed for concrete working temperatures. Both tested characteristics revealed a
medium-to-high effect of radiation for working temperatures up to 60 ◦C (yellow and blue
area). The effect of radiation continually decreased for working temperatures over 60 ◦C
(pink area).

Table 8. The characteristics of designed regression models (PA66).

Parameters
Working Temperature (◦C)

23 50 80 110 140 170 200

Coefficient of
Multiple
Correlation

Tensile strength 9.053 × 10−1 9.478 × 10−1 9.311 × 10−1 8.935 × 10−1 9.772 × 10−1 9.721 × 10−1 9.468 × 10−1

Bending
strength 8.888 × 10−1 8.509 × 10−1 8.679 × 10−1 9.759 × 10−1 9.801 × 10−1 8.549 × 10−1 9.559 × 10−1

Coefficient of
Determination

Tensile strength 8.196 × 10−1 8.983 × 10−1 8.670 × 10−1 7.984 × 10−1 9.548 × 10−1 9.449 × 10−1 8.964 × 10−1

Bending
strength 7.900 × 10−1 7.240 × 10−1 7.532 × 10−1 9.523 × 10−1 9.605 × 10−1 7.308 × 10−1 9.138 × 10−1

Predicted
Correlation
Coefficient

Tensile strength 2.192 × 10−2 3.816 × 10−1 1.299 × 10−2 3.082 × 10−2 6.202 × 10−1 5.790 × 10−1 3.429 × 10−1

Bending
strength 7.791 × 10−2 9.397 × 10−2 2.320 × 10−1 7.983 × 10−1 7.307 × 10−1 1.908 × 10−2 1.739 × 10−1

Mean Squared
Error of
Prediction

Tensile strength 7.616 × 101 1.040 × 101 3.143 × 100 5.599 × 100 5.565 × 10−1 1.842 × 10−1 1.891 × 10−1

Bending
strength 6.953 × 102 1.594 × 102 4.653 × 101 4.594 × 10−1 1.218 × 100 2.006 × 100 5.965 × 100

Testing of regression triplet

Fisher–Snedecor Test of Model
Significance model is significant
Scott’s Criteria of Multicollinearity model is correct
Cook–Weisberg Score Test for
Heteroskedasticity residue demonstrating homoskedasticity

Jarque–Berra Test of Normality residue has normal distribution
Wald Test of Auto Correlation autocorrelation is insignificant
Durbin–Watson Test of Auto
Correlation negative autocorrelation of residues not demonstrated

The effect of β radiation on the tensile and bending strength of PA66 can be seen
in Table 6 and Figures 9 and 10. In the case of tensile strength, the irradiation led to an
increase of up to 13%, dependent on the radiation dose and working temperature (Table 6
and Figure 9a). At ambient temperature, the tensile strength grew by 21.6 MPa, while at the
highest temperature, the same characteristic rose only by 4.8 MPa. The increase in bending
strength was up to 33%, dependent on the radiation dose and working temperature (Table 6,
Figures 9b and 10b). At the lowest tested temperature, the growth induced by radiation
was 62.7 MPa, while at the highest tested temperature, it was 8.8 MPa. The responsive area
(Figure 9c) displays that for tensile strength, the effect of radiation was medium or high
for working temperatures up to 130 ◦C (yellow and blue area). For working temperatures
over 130 ◦C, the effect of irradiation continually decreased (pink area). In the case of the
bending strength (Figure 9d), the effect of radiation was medium or high up to the highest
working temperature, i.e., 200 ◦C (yellow and blue area).

The characteristics of designed regression models for the description of changes in
the mechanical properties of tested polymers induced by the β radiation can be seen in
Tables 7 and 8. The interpretation of measured results shows that the designed models
for the description of β radiation’s influence on the magnitude of tensile and bending
strength are significant and correct. The residues demonstrate homoskedasticity and
normal distribution, and the autocorrelation is insignificant.
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4. Discussion

This study is primarily focused on a quantitative description of changes in useful
properties in injection-molded parts due to irradiation by β radiation. Specimens were
manufactured out of one representative for the commodity plastics (HDPE) and one repre-
sentative for the technical plastics (PA66). First, the properties of the surface layer, such as
free surface energy and adhesion, were tested. The measured results indicate that the β

radiation influences the properties of the surface layer (Table 3 and Figure 3). In the case
of free surface energy in HDPE, the highest growth was seen in specimens irradiated by
higher doses of radiation (more than 132 kGy) (Table 3 and Figure 3a). On the other hand,
for PA66, the highest growth was observed in specimens irradiated by the medium intensity
of radiation, i.e., 99 to 132 kGy (Table 3 and Figure 3b). The increase in free surface energy
(in comparison with the non-modified material) was up to 57% for HDPE and up to 13%
for PA66. The change in free surface energy value had a significant effect on the adhesive
properties of tested materials. The practical effect of β radiation on adhesive properties was
tested by evaluation of the shear strength of bonded joints. Figure 3 demonstrates that the
β radiation modification influenced the shear strength of bonded joints for both HDPE and
PA66. In specific cases, the strength of the bonded joint rose by 120% (Table 3 and Figure 3).

The presented changes in terms of free surface energy and adhesive properties taken
in the context of the strength of bonded joints were most likely caused by oxidation, which
could have occurred during the irradiation process or after it. Oxidation is one of many
secondary reactions which can occur when β radiation interacts with polymers. A sig-
nificant factor of this study is that the process of specimen modification was the same as
with common industrial applications performed at ambient temperature and in standard
atmospheric conditions (with oxygen). In this case, the free radicals created due to irradi-
ation could easily react with oxygen molecules, which results in the creation of peroxide
radicals that could lead to oxidation. Moreover, it is the oxygen and humidity which
help oxidation reactions (oxidation, oxidative scission). As stated by Rivaton et al. [51],
most post-radiation effects are driven by the migration of radicals from crystalline areas to
amorphous/crystalline mesophases, where the radicals remain more accessible for oxygen.
As mentioned previously, oxidation can occur during the irradiation process itself (con-
temporaneously with cross-linking and scission) or after it if the polymer can react with
oxygen. This conclusion is supported by the results of infrared spectra (Figure 6) for HDPE
and corresponds with conclusions reached by Hama et al. [30], Carpentieri et al. [52], and
Costa et al. [53].

The oxidation usually occurs together with oxidative degradation, and the combina-
tion of these effects can cause a different color (yellow) and fragility (or decrease in other
mechanical properties) in the materials; thus, it is best to avoid these interactions [20,21].
However, new functional groups (carbonyl and others) can enhance the surface with new
properties which can find their application in practice. Among these properties are adhe-
sion, the increase in polarity, and others, which all positively affect the load capability of
bonded joints (Figure 3). The change in adhesive properties is shown in Figures 4 and 5,
which both display bonded surfaces after shear strength testing. The recorded changes were
most significant in HDPE (Figure 4), in which the non-modified surface displayed mostly
adhesive failure, i.e., the failure occurred at the adhesive/adherent interface (Figure 4a).
After the modification by β radiation, the failure changed to combined, i.e., a combination
of adhesive and cohesive failure (Figure 4b). Besides the change in the type of failure, the
irradiation also led to a change in the topography of bonded surfaces (Figure 4c,d). The
change in the type of bond failure corresponds with improved adhesive bonds. In the case
of PA66 (Figure 5a,b), the type of failure was not unequivocally evident. On the other hand,
irradiation definitely led to changes in the topography of the bonded surface (Figure 5c,d).

The second tested group focused on mechanical properties, such as tensile and bend-
ing strength. Measured results indicate that β radiation influences even the mechanical
properties in a wide spectrum of working temperatures (Tables 5 and 6, Figures 8–10).
In both cases, the characteristics increased due to irradiation for both tested materials.
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For tensile strength, the growth was almost 28% (Figures 8a and 9a) in comparison with
non-altered material. For bending strength, this increase was even greater, up to 33%
(Figures 8b, 9b and 10). The changes in mechanical properties induced by the β radiation
correspond with the content of the cross-linked phase (gel), which also rose with increasing
radiation dose (Figure 11). Furthermore, these results correspond with the findings of
other authors [18,33,34,54,55], who focused on the effects of high-energy radiation on the
mechanical properties of polymers. The increasing content of gel induced by radiation and
its influence on mechanical properties was also detected by Lee et al. [22], who recorded an
increase in tensile strength together with the rising content of gel, which was caused by radi-
ation. The aforementioned changes (improvements) of mechanical properties were caused
above all by cross-linking, which is one of the secondary processes that occur in polymer
materials (prevalently in amorphous areas [56]) due to β irradiation [33,34,54,55,57].
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When the tested polymers were exposed to radiation, C-H bonds started to scission
(release of the hydrogen atom), which led to the creation of free radicals. Afterward, gradual
bonding (creation of C-C bond) of two free radicals of neighboring chains commenced. In
the end, a 3D spatial network was created in which the polymer chains were interconnected.
This spatial network was the bearer of improvements in the mechanical properties of tested
polymers. The creation of a spatial network is proved by the aforementioned results of gel
content (insoluble phase) increase due to radiation (Figure 11). In the case of PA66 with
30 wt. % of glass fibers, the irradiation incurred improvement of adhesion between
individual fibers, which resulted in the increase in mechanical properties [18,34,55].

The description of changes in properties of tested materials due to irradiation was
performed by suitably designed regression models. All regression models were tested with
regression triplet. The regression models were significant and correct; residues demon-
strated homoskedasticity and normal distribution, and autocorrelation was insignificant.
The designed regression models showed that the highest growth of the given parameter
was reached in specimens exposed to radiation dose lower than 198 kGy, i.e., after the
maximum was reached, the observed parameter decreased with increasing radiation dose
(Figures 3, 8a,b and 9a,b). This course was also noted in studies of other authors [58],
who used the second-degree polynomial equation (quadratic polynomial) to describe the
changes in properties of specimens exposed to high-energy radiation. This effect can be
explained by parameter G, which is commonly used in practice to determine the reactions
ongoing in the material during the irradiation. As presented by Makuuchi, Cheng [20], and
Drobny [21], parameter G can be defined as the chemical gain of radiation in dependence
on the number of reacting molecules per 100 eV of absorbed energy. At a certain point,
the regression curve (extreme of function) experiences a breakpoint, following which the
degradation reactions start to prevail over cross-linking, which results in a decline of useful
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properties and an overall decline in the regression curve. In the case of free surface energy
and adhesive properties (Figure 3), a gradual increase in radiation dose led to a point
where chain scission started to prevail over cross-linking. At this point, even the chains
that cross-linked started to undergo scission, and it resulted in a decrease in free surface
energy and an increase in the hydrophobic nature of the surface. This corresponds with
findings presented by Egghe et al. [59]. This is also true for mechanical properties which
started to decrease with the increasing radiation dose after reaching a certain breakpoint
(specific radiation dose) (Figures 8 and 9) despite the continuous growth of gel content.
This effect was recorded in studies of Gheysari and Behjat [23,60]. Although the exposure to
higher radiation doses led to a gradual increase in the cross-linking phase, the degradation
processes started to prevail at a certain point. This likely caused the decrease in the quality
of the created spatial network and, thus, the decline of useful properties.

The designed regression models can be used to find a suitable (optimal) dose of
radiation, which, when applied, leads to the best results in both the surface properties
and the mechanical properties (Figures 12 and 13). The optimal dose was determined by
standard parameters (by transformed data), which were calculated from specific values
subtracted by the average value and then divided by standard deviation. Figures 12 and 13
show optimal values which were close to the extremes of functions. In the case of HDPE,
the optimal dose was in the range of 145 to 150 kGy, depending on the combination of
surface and mechanical properties (Figure 12). The optimal dose for PA66 was found in
the range of 128 to 135 kGy, depending on the combination of surface and mechanical
properties (Figure 13).
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5. Conclusions

Tests and measurements performed in this study lead to the following conclusions:

• The modification of polymer materials by β radiation leads to the improvement of
useful properties of injection-molded parts.

• Well-chosen doses of radiation can lead to improvement of both the mechanical and
the surface properties.

• The designed regression models can be used as a suitable tool for choosing the op-
timal dose of radiation in terms of the required properties of the given part and its
application in a specific working environment.

Future research in this area should focus on the effects of very low doses of radiation
(in the range of 0 to 20 kGy) on the useful properties of injection-molded parts and the
stability of gained properties, which is specifically true for surface layer properties.
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Abstract: This study surveys the impacts of injection parameters on the deformation rate of the
injected flexure hinge made from ABS, PP, and HDPE. The flexure hinges are generated with different
filling time, filling pressure, filling speed, packing time, packing pressure, cooling time, and melt
temperature. The amplification ratio of the samples between different injection parameters and
different plastic types is measured and compared to figure out the optimal one with a high amplifica-
tion ratio. The results show that the relationship between the input and output data of the ABS, PP,
and HDPE flexure hinges at different injection molding parameters is a linear relation. Changing
the material or many injection molding parameters of the hinge could lead to a great impact on
the hinge’s performance. However, changing each parameter does not lead to a sudden change
in the input and output values. Each plastic material has different optimal injection parameters
and displacement behaviors. With the ABS flexure hinge, the filling pressure case has the greatest
amplification ratio of 8.81, while the filling speed case has the lowest value of 4.81. With the optimal
injection parameter and the input value of 105 µm, the ABS flexure hinge could create a maximum
average output value of 736.6 µm. With the PP flexure hinge, the melt temperature case achieves
the greatest amplification ratio of 6.73, while the filling speed case has the lowest value of 4.1. With
the optimal injection parameter and the input value of 128 µm, the PP flexure hinge could create a
maximum average output value of 964.8 µm. The average amplification ratio values of all injection
molding parameters are 6.85, 5.41, and 4.01, corresponding to ABS, PP, and HDPE flexure hinges.
Generally, the ABS flexure hinge has the highest amplification ratios, followed by the PP flexure
hinge. The HDPE flexure hinge has the lowest amplification ratios among these plastic types. With
the optimal injection parameter and the input value of 218 µm, the HDPE flexure hinge could create
a maximum average output value of 699.8 µm. The results provide more insight into plastic flexure
hinges and broaden their applications by finding the optimal injection parameters and plastic types.

Keywords: ABS; HDPE; PP; amplification ratio; filling time; packing time

1. Introduction

Recently, flexure hinges have been intensively investigated for precision actuation due
to their complexity and low cost [1–4]. Flexure hinges work as a displacement amplification
mechanism with no friction force and backlash; therefore, they can replace the conventional
system such as motors in super precision machines in lithography, space telescopes, micro-
electromechanical systems, and optical devices [5–8]. Some metals and alloys are usually
stainless steel, titanium-based, copper-based, and aluminum alloys to create a flexure
hinge [9–12]. The metal-based alloy flexure hinges provide good elastic properties and high
corrosion resistance. For example, Wei et al. [13] created a SUS 316L stainless steel hinge
from 3D printing. The report showed that the porous layer thickness of the hinge is like the
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average diameter of the powder particle. Coemert et al. [14] generated Ti-6Al-4V flexure
hinges via laser cutting. The results indicated that the payload value is proportional to the
hinge width but inversely proportional to the length. Interestingly, Roopa et al. [15] studied
the impacts of geometry and material on the displacement of stainless steel, beryllium
copper, and brass flexure hinges. They pointed out that the deflection values of the flexure
hinge are 6.75 µm, 10.89 µm, and 12.10 µm, corresponding to stainless steel, beryllium
copper, and brass materials. Schlick et al. [16] reported an aluminum gripper based on
a flexure hinge mechanism. The gripper was applied as a micro-assembly station, and
the momentum can be limited by controlling the oscillation via the actuator, lowering the
gripping jaw speed, and moving coil actuators.

Flexure hinges with compliant mechanisms could have many designs, depending on
the purposes, such as displacement amplifiers, smart structures, robotics, and quasi-static
mechanisms. Typically, compliant flexure hinges for displacement amplifier applications
have many types such as bridge type, Rhombus type, differential amplifier, lever mech-
anism, five bar structure, and tensural types. Compared to other designs, a bridge-type
flexure hinge has the advantages of a simple and symmetrical shape, high load capacity,
and high amplification ratio. Generally, flexure hinges are usually created using metals.
However, fabricating a flexure hinge from these material types often requires a lot of
time and cost because of the complicated structure and the high precision of the hinge.
Using alternative materials with better productivity in fabricating flexure hinges is a rig-
orous demand. For example, Mutlu et al. [17] used TPE to produce a 3D printing flexure
hinge and pinpointed that the elliptic and non-symmetric shapes have the best quality.
Rosa et al. [18] created a flexure-based nanopositioner using cyclic olefin copolymer (COC)
via the mesoscale injection molding process. The travel range of the COC nanopositioner is
15 µm with the highest standard deviation being 52.3 nm. Notably, Sahota et al. [19] simu-
lated a fiber Bragg grating pressure sensor by comparing ABS polymer and stainless steel
flexural hinges. The simulation results showed that the sensitivity of the ABS flexural hinge
is 16 times higher than that of the stainless steel one. Shen et al. [20] combined bridge type
and lever type mechanisms to generate a hybrid one, achieving a high amplification ratio
and low overstress. Abedi et al. [21] designed a bridge-type compliant mechanism with an
S-shape, achieving an amplification ratio of 4.5–5.5. Shi et al. [22] created a microgripper
with two bridge-type parallelogram amplification mechanisms, obtaining a high amplifica-
tion ratio of 30.3. Chen et al. [23] used a hybrid-compliant mechanism with a bridge-type
and a lever-type design to harvest the vibration energy. Wan et al. [24] optimized the
design process of the flexure-based bridge-type amplification using a reliability-based
design optimization method. This method provided good accuracy compared to the other
traditional methods. Overall, plastic flexural hinge investigations are not popular and need
more insight.

Injection molding is a popular technique that could produce plastic parts at a mass
production level due to its advantages of industrial availability, high accuracy, short time,
and affordable cost [25–28]. Injection molding, therefore, is widely applied in generating
household products and industrial parts. Moreover, advanced injection molding techniques
such as microinjection molding, gas-assisted molding systems, conformal cooling channels,
metal injection molding, foam injection molding, and water-assisted injection molding
have received much interest from authors [29–31]. Injection molding can be applied with
many thermoplastic polymers such as HDPE, LDPE, PP, ABS, and PA [32–35]. However,
the reports about plastic flexure hinges generated using the injection molding process are
rarely discussed despite the advantages of this fabrication technique.

This investigation focuses on creating plastic bridge-type mechanism flexure hinges
with a leaf hinge from different plastic types including ABS, PP, and HDPE. The injection
parameters including filling time, filling pressure, filling speed, packing time, packing
pressure, cooling time, and melt temperature are also surveyed to optimize the hinge
performance. The amplification ratio of the samples is evaluated and compared across
several injection parameters and plastic types to determine the optimal one with a high
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amplification ratio. The results provide more insight into plastic flexure hinges and broaden
their applications by finding the optimal injection parameters and plastic types.

2. Experimental Methods

Figure 1 shows the flexure hinge design and the injected hinge. The injection gate
dimension is 5 mm in diameter. The compliant mechanism of the flexure hinge with
input and output position, the fixture of the hinge, and the measurement device with
chronographs for measuring the displacement of the hinge are presented in Figure 2. The
measurement procedure consists of three steps. Step 1: Attach the sample to the bracket
in the proper position and then attach the chronographs. Step 2: Align the pusher with
the measuring model and adjust it. All chronographs had to be reset to zero. Step 3: Turn
the pusher handle, then watch the chronographs and record the results. For each sample
number, the study injected three plastic hinges for an individual measurement. The average
number of three samples is calculated and presented in this report. The standard deviation
varies by around 1–7%. Figure 3 presents the flexure hinge at different plastics and injection
conditions. Besides holding time and holding pressure, the study also applied packing
time and packing pressure. They are the extra steps of the injection molding cycle in which
pressure is applied to the polymer melt to compress the polymer and drive additional
material into the mold. This compensates for shrinkage as the polymer cools from the melt
temperature to the room temperature. The gate is closed during the packing operation
to prevent material from entering the mold. Moreover, the molding part weight is about
12–13.7 g, which is suitable for the holding and cooling time.
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Figure 3. The flexure hinges at different plastics and injection conditions: (a) cooling time, (b) filling
pressure, (c) filling speed, (d) filling time, (e) melt temperature, (f) packing pressure, and (g) pack-
ing time.

After the setup of the experiment machines, the plastics are dried at 85 ◦C for 12 h to
remove the humidity. Then, they are injected into the mold using an injection molding.
Finally, the injection flexure hinge is tested using a fixture and measurement device. This
machine has a screw diameter of 36 mm, an injection capacity of 157 g, a screw speed of
122 mm/s, a 3 mm nozzle with a temperature limit switch control, and a clamping force of
1200 kN. Injection molding parameters depend on the geometric features of the moldings
(especially thickness), the flow path of the polymer melt, the number of injection points,
the type of polymeric material, the injection machine, etc. During the initial step, which
is the experimental setup, this study tried many injection parameters for different plastic
types to ensure that the samples were successfully injected. Firstly, this study attempted
with relatively low parameters, in which the samples were partially injected. An attempt
to inject the molded part was made by gradually increasing the values of the parameters.
After that, the injection parameters are gradually adjusted to improve the injection quality.
Finally, after having enough information, the injection parameters are set up as shown in
Tables 1 and 2. The injection machine in this report is MA 1200III (Haitian, China). The
weights of the moldings are 12 g, 12.7 g, and 13.7 g, corresponding to the PP, HDPE, and
ABS hinges.

The injection rate of the screw is 154 cm3/s. The filling speed is presented based on the
number “154 cm3/s”. The percentage presents the ratio between the selected filling speed
and the number “154 cm3/s”. Regarding the mold temperature, this study does not apply
a mold temperature assistance system. Therefore, the mold temperature could be 30 ◦C.
These hinges are injected with different injection molding parameters and different plastics.
Table 1 shows the injection mold parameters of the ABS hinge, while Table 2 illustrates
the injection molding parameters of the PP and HDPE hinges. The filling time is set at
1.5–2.8 s because the study did not apply the maximum filling pressure and filling speed
of the injection molding machine MA 1200III. Therefore, it requires more time to fill the
mold cavity than the maximum condition. The injection pressure is quite low; however, it
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is enough to fill the mold cavity with a suitable filling time (1.5–2.8 s). Because the study
did not use the injection molding machine MA 1200III’s maximum filling pressure and
filling speed, the filling speed is set from 50% to 70%. As a result, a higher filling speed is
required to fill the mold cavity than under the maximum condition. The study applied only
75–83% of this number, and according to the moderate pressure and volume of the runner
system, the filling time must be greater than 2.0 s to ensure a good filling stage. Moreover,
the subsequent packing stages (or holding stages) will ensure the product is filled with
melt during the cooling phase, as shown in Table 1.

Table 1. Injection molding parameters of ABS hinges.

Group Filling Time
(s)

Filling Pressure
(bar)

Packing Time
(s)

Packing Pressure
(bar)

Cooling
Time (s)

Melt Temperature
(◦C)

Filling Speed
(%)

2
2.2

1 2.4
2.6 41 0.6 40 24 210 79
2.8

39
40
41

2 2.4 42 0.6 40 24 210 79
43

0
0.3
0.6

3 2.4 41 0.9 40 24 210 79
1.2

38
39
40

4 2.4 41 0.6 41 24 210 79
42

20
22
24

5 2.4 41 0.6 40 26 210 79
28

206
208
210

6 2.4 41 0.6 40 24 212 79
214

75
77
79

7 2.4 41 0.6 40 24 210 81
83

ABS 750 SW polymer is supplied by Kumho Petrochemical, Seoul, Republic of Korea.
PP polymer named Advanced-PP 1100 N is manufactured by Advanced Petrochemical
Company, Al Jubail, Saudi Arabia. HDPE polymer HTA 108 is manufactured by Exxon
Mobile Petroleum and Chemical Company, Riyadh, Saudi Arabia. The Young’s modulus of
ABS, PP, and HDPE are 3110 MPa, 1550 MPa, and 1300 MPa, respectively.
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Table 2. Injection molding parameters of HDPE and PP hinges.

Group Filling Time
(s)

Filling Pressure
(bar)

Packing Time
(s)

Packing Pressure
(bar)

Cooling
Time (s)

Melt Temperature
(◦C)

Filling Speed
(%)

1.5
1.7
1.9

1 2.1 27 0.6 25 54 214 54
2.3

25
26
27

2 1.9 28 0.6 25 54 214 54
29

0
0.3
0.6

3 1.9 41 0.9 25 54 214 54
1.2

23
24
25

4 1.9 41 0.6 26 54 214 54
27

50
52
54

5 1.9 41 0.6 25 56 214 54
58

210
212
214

6 1.9 41 0.6 25 54 216 54
218

50
52
54

7 1.9 41 0.6 25 54 214 56
58

3. Results and Discussion
3.1. ABS Flexure Hinge

In this section, the effects of injection parameters on the displacement of the ABS
flexure hinge are examined. Firstly, the impacts of the filling stage, including filling time,
filling pressure, and filling speed, are surveyed.

Figures 4–6 present the displacement diagrams of the ABS flexure hinge at different
filling times, filling pressures, and filling speeds. In the filling time case, with the maximum
input value of 128 µm, the average output value is 760.4 µm, indicating the magnification
effect of the hinge, as shown in Figure 4. Generally, changing the filling time, filling
pressure, and filling speed does not strongly affect the displacement rate of the ABS flexure
hinge due to the similar values of the curves at different filling times and filling pressures.
In addition, improving the input value mostly leads to a linear increase in the output
value. The regression equations between the average values of the input and the output
displacements are

y1 = 5.21x1, (1)

y2 = 8.81x2, (2)

y3 = 4.81x3, (3)
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where y1, y2, and y3 are the output data and x1, x2, and x3 are the input data of the ABS
flexure hinge at different filling times, filling pressures, and filling speeds.
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Figure 4. Displacement of the ABS flexure hinge at different filling times.
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Figure 5. Displacement of the ABS flexure hinges at different filling pressures.

The trendline diagrams are set as a linear relationship y = a.x + b, where “b” is zero
because the intercept of the trendline is set at zero. Therefore, there is only the “a” regression
coefficient in the equation y = a.x. Moreover, the R-squared value of these trendlines is very
high, which is higher than 0.9, indicating that the equation has a good prediction value.

This equation indicates a linear relationship between the input and the output data, as
mentioned above. The amplification ratio of the filling time case is 5.21, the filling pressure
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case is 8.81, and the filling speed is 4.81. These values mean that the filling pressure cases
have the highest amplification ratio, indicating the strong effect of the filling pressure on
the amplification ratio. On the contrary, the filling speed has the lowest amplification ratio,
meaning a weaker effect rate than the filling pressure and the filling time.
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Figure 6. Displacement of the ABS flexure hinges at different filling speeds.

Figures 7 and 8 present the displacement of the ABS flexure hinge at different packing
times and packing pressures. Consistent with the filling stage results, the similar values at
different packing times and packing pressures reveal that altering these values does not
cause much change in the displacement rate. Moreover, the regression equations between
the average values of the input and the output displacements are

y4 = 7.68x4, (4)

y5 = 8.08x5, (5)

where y4 and y5 are the output data and x4 and x5 are the input data of the ABS flexure
hinge at different packing times and packing pressures.

These data have a linear relationship, which is similar to the filling stage. The am-
plification ratio values for the packing time and packing pressure cases are 7.68 and 8.08,
respectively. These ratios are comparable, unlike the filling stage, where the filling pressure
has a larger amplification ratio than the filling time.

Figures 9 and 10 display the displacement of the ABS flexure hinge at different cooling
times and melt temperatures. The curve diagrams for different parameters in every figure
are almost equivalent, demonstrating that changing the cooling time and melt temperature
has little effect on the displacement rate. Furthermore, the regression equations between
the average values of the input and output displacements are as follows:

y6 = 6.92x6, (6)

y7 = 6.47x7, (7)

where y6 and y7 are the output data and x6 and x7 are the input data of the ABS flexure
hinge at different cooling times and melt temperatures.
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Figure 7. Displacement of the ABS flexure hinges at different packing times.
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Figure 8. Displacement of the ABS flexure hinges at different packing pressures.

The linear relationship between the input and output data is revealed by Equations (6)
and (7), which are similar to the filling and packing stages. The amplification ratio values
for the cooling time and melt temperature cases are 6.92 and 6.47, respectively. The results
reveal that the cooling time case has a higher amplification ratio, resulting in a higher
effect rate.
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Figure 9. Displacement of the ABS flexure hinges at different cooling times.
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Overall, the relationship between the input and output data of the ABS flexure hinges
at different injection molding parameters is linear. The amplification ratio values for filling
time, filling pressure, filling speed, packing time, packing pressure, cooling time, and melt
temperature are 5.21, 8.81, 4.81, 7.68, 8.08, 6.92, and 6.47. The amplification ratio of filling
pressure is the highest, while that of filling speed is the lowest. The range of the filling
pressure examined is 39–43 bar. In this range, the amplification ratio is highest due to the
good quality of the sample following the parameters of filling time 2.4 s, filling pressure
39–43 bar, packing time 0.6 s, packing pressure 40 bar, cooling time 24 s, melt temperature
210 ◦C, and filling speed 79%, while the filling speed range is 75–83%. In this range, the
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amplification ratio is lowest due to the lower quality of the sample following the parameters
of filling time 2.4 s, filling pressure 41 bar, packing time 0.6 s, packing pressure 40 bar,
cooling time 24 s, melt temperature 210 ◦C, and filling speed 75–83%.

Interestingly, the packing stage also shows high amplification ratio values of 7.68 and
8.08, pinpointing the important role of this stage in optimizing the ABS flexure hinge. Most
importantly, the results reveal that the curve diagrams of each figure are mostly similar
because changing each parameter does not lead to a sudden change in the input and output
value. In general, the injection parameters strongly impact the amplification ratio of the ABS
hinge. In other words, changing a set of injection parameters could lead to a greater impact
on the hinge’s performance. The amplification ratio could range from 4.81 to 8.81, which is
a relatively large deviation. The reason for this phenomenon is the sensitivity of the ABS
flexure hinge performance when changing the injection parameters. The plastic injection
hinge design with thin hinge corners especially requires suitable injection parameters to
successfully fill the mold cavity because the plastic melt flow is hindered in these thin areas.
The presented injection parameters are ideal for forming the ABS flexure hinge.

Overall, the amplification ratio of the ABS flexure hinge varies in the range of 4.81–8.81.
In Kim et al.’s report [37], a similar aluminum alloy flexure hinge has an amplification of
5–25. The amplification ratio of the ABS hinge is lower than that of the aluminum alloy
one. The reason is the higher strength and stiffness of the aluminum alloys compared to
the ABS plastic.

3.2. PP Flexure Hinge

This section examines the influences of injection parameters on the displacement of
the PP flexure hinge. In the previous section, the results reveal that the curve diagrams of
each figure are mostly similar because changing each parameter does not lead to a sudden
change in the input and output value. Furthermore, linear relationships are popular in all
cases of the ABS flexure hinge. As a result, this section concentrates on the average value of
each parameter. First, the impact of the filling stage is addressed, which includes filling
time, filling pressure, and filling speed.

Figures 11–13 display the displacement diagrams of the PP flexure hinge at different
filling times, filling pressures, and filling speeds. Following calculations, the regression
equations demonstrating the linear relationship between the average values of the input
and output displacements are

y8 = 6.73x8, (8)

y9 = 4.58x9, (9)

y10 = 4.89x10, (10)

where y8, y9, and y10 are the output data and x8, x9, and x10 are the input data of the PP
flexure hinge at different filling times, filling pressures, and filling speeds.

The amplification ratio of the filling time case is 6.73, the filling pressure case is 4.58,
and the filling speed case is 4.89. Different from the ABS flexure hinge, in which the
filling pressure has the highest amplification ratio, the filling time case achieves the highest
amplification ratio of 6.83. On the other hand, the filling pressure case has the lowest
amplification ratio of 4.58. Compared to the steel alloy flexure hinge with an amplification
ratio of 16.2 in Na et al.’s report [38], the PP flexure hinge has a lower value. The reason is
that steel alloy has a much higher elastic modulus and strength than PP plastic.

Figures 14 and 15 show the displacement of the PP flexure hinge at different packing
times and packing pressures. The regression equations between the average values of the
input and the output displacements of the PP flexure hinge are

y11 = 5.08x11, (11)
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y12 = 6.39x12, (12)

where y11 and y12 are the output data and x11 and x12 are the input data of the PP flexure
hinge at different packing times and packing pressures.

Polymers 2024, 16, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 11. Displacement of PP flexure hinges at different filling times. 

 
Figure 12. Displacement of PP flexure hinges at different filling pressures. 

y = 6.73x
R² = 0.958

0

200

400

600

800

1000

1200

0 50 100 150 200 250

1.5 s 1.7 s 1.9 s 2.1 s 2.3 s

y = 4.58x
R² = 0.973

0

200

400

600

800

1000

1200

0 50 100 150 200 250

25 bar 26 bar 27 bar 28 bar 29 bar

Figure 11. Displacement of PP flexure hinges at different filling times.

Polymers 2024, 16, x FOR PEER REVIEW 12 of 20 
 

 

 
Figure 11. Displacement of PP flexure hinges at different filling times. 

 
Figure 12. Displacement of PP flexure hinges at different filling pressures. 

y = 6.73x
R² = 0.958

0

200

400

600

800

1000

1200

0 50 100 150 200 250

1.5 s 1.7 s 1.9 s 2.1 s 2.3 s

y = 4.58x
R² = 0.973

0

200

400

600

800

1000

1200

0 50 100 150 200 250

25 bar 26 bar 27 bar 28 bar 29 bar

Figure 12. Displacement of PP flexure hinges at different filling pressures.

The correlations between these factors are linear. The amplification ratio values for the
packing time and packing pressure situations are 5.08 and 6.39, respectively. Because of the
lower elastic modulus and tensile strength, these ratios are significantly lower than those
of the ABS flexure hinge, which are 7.68 and 8.08.

Figures 16 and 17 display the displacement of the PP flexure hinge at different cooling
times and melt temperatures. The curve diagrams of the various parameters in each figure
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are most comparable, demonstrating that changing the cooling time and melt temperature
has little effect on the displacement rate. Furthermore, the regression equations between
the average values of the input and output displacements are as follows:

y13 = 6.13x13, (13)

y14 = 4.1x14, (14)

where y13 and y14 are the output data and x13 and x14 are the input data of the PP flexure
hinge at different cooling times and melt temperatures.
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Polymers 2024, 16, x FOR PEER REVIEW 14 of 20 
 

 

 
Figure 14. Displacement of PP flexure hinges at different packing times. 

 
Figure 15. Displacement of PP flexure hinges at different packing pressures. 

The correlations between these factors are linear. The amplification ratio values for 
the packing time and packing pressure situations are 5.08 and 6.39, respectively. Because 
of the lower elastic modulus and tensile strength, these ratios are significantly lower than 
those of the ABS flexure hinge, which are 7.68 and 8.08. 

Figures 16 and 17 display the displacement of the PP flexure hinge at different cooling 
times and melt temperatures. The curve diagrams of the various parameters in each figure 
are most comparable, demonstrating that changing the cooling time and melt temperature 
has little effect on the displacement rate. Furthermore, the regression equations between 
the average values of the input and output displacements are as follows: 

y13 = 6.13x13, (13)

y14 = 4.1x14, (14)

y = 5.08x
R² = 0.979

0

200

400

600

800

1000

1200

0 25 50 75 100 125 150 175 200 225

0 s 0.3 s 0.6 s 0.9 s 1.2 s

y = 6.39x
R² = 0.907

0

200

400

600

800

1000

1200

1400

0 50 100 150 200

23 bar 24 bar 25 bar 26 bar 27 bar

Figure 15. Displacement of PP flexure hinges at different packing pressures.

52



Polymers 2024, 16, 394

Polymers 2024, 16, x FOR PEER REVIEW 15 of 20 
 

 

where y13 and y14 are the output data and x13 and x14 are the input data of the PP flexure 
hinge at different cooling times and melt temperatures. 

The amplification ratio values for the cooling time and melt temperature cases are 
6.13 and 4.1, respectively. The PP flexure hinge has lower amplification ratios than the 
ABS flexure hinge, which has values of 6.92 and 6.47 due to its lower elastic modulus and 
tensile strength. 

 
Figure 16. Displacement of PP flexure hinges at different cooling times. 

 
Figure 17. Displacement of PP flexure hinges at different melt temperatures. 

Overall, the amplification ratio values are 6.73, 4.58, 4.89, 5.08, 6.39, 6.13, and 4.1, cor-
responding to the filling time, filling pressure, filling speed, packing time, packing pres-
sure, cooling time, and melt temperature. The filling time achieves the greatest amplifica-
tion ratio, while the melt temperature has the lowest one. Notably, these values are mainly 
lower than the ABS flexure hinge because of the weaker strength. The amplification ratio 
of the ABS flexure hinge could range from 4.81 to 8.81, while the amplification ratio of the 
PP flexure hinge could range from 4.1 to 6.73. The suitable amplification ratio could be 

y = 6.13x
R² = 0.991

0

200

400

600

800

1000

1200

0 25 50 75 100 125 150 175

50 s 52 s 54 s 56 s 58 s

y = 4.1x
R² = 0.977

0

200

400

600

800

1000

1200

0 50 100 150 200 250
210 °C 212 °C 214 °C 216 °C 218 °C

Figure 16. Displacement of PP flexure hinges at different cooling times.

The amplification ratio values for the cooling time and melt temperature cases are
6.13 and 4.1, respectively. The PP flexure hinge has lower amplification ratios than the
ABS flexure hinge, which has values of 6.92 and 6.47 due to its lower elastic modulus and
tensile strength.

Overall, the amplification ratio values are 6.73, 4.58, 4.89, 5.08, 6.39, 6.13, and 4.1, corre-
sponding to the filling time, filling pressure, filling speed, packing time, packing pressure,
cooling time, and melt temperature. The filling time achieves the greatest amplification
ratio, while the melt temperature has the lowest one. Notably, these values are mainly
lower than the ABS flexure hinge because of the weaker strength. The amplification ratio
of the ABS flexure hinge could range from 4.81 to 8.81, while the amplification ratio of the
PP flexure hinge could range from 4.1 to 6.73. The suitable amplification ratio could be
achieved using two methods: changing the plastic-type or changing the injection parame-
ters. In the next section, the displacement of the HDPE flexure hinge is investigated and
then compared to the PP and ABS flexure hinge. Furthermore, the PP flexure hinge’s linear
relationship between input and output data is similar to the ABS one.
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Figure 17. Displacement of PP flexure hinges at different melt temperatures.

In general, the amplification ratio of the PP flexure hinge varies in the range of 4.1–6.73.
Compared to the amplification ratio of the ABS hinge, the amplification ratio of the PP
flexure hinge is slightly lower. Moreover, compared to the Na et al. [38] report, the similar
steel flexure hinge has an amplification of 16.2. The amplification ratio of the ABS hinge is
lower due to the lower strength and stiffness of the PP plastic compared to the steel material.

3.3. HDPE Flexure Hinge and Comparison

In this section, displacements of the HDPE flexure hinge are surveyed. After that,
these data are compared with the previous results of the ABS and PP flexure hinges. The
input and output equations at the different filling times, filling pressures, filling speeds,
packing times, packing pressures, cooling times, and melt temperatures are presented in
Table 3. Figure 18 shows a more visual representation of these results.

Table 3. Displacement equations of the HDPE flexure hinge.

Injection Parameters Equations

Filling time y15 = 5.0x15; R2 = 0.938
Filling pressure y16 = 4.33x16; R2 = 0.967
Filling speed y17 = 4.23x17; R2 = 0.988
Packing time y18 = 5.4x18; R2 = 0.965
Packing pressure y19 = 2.89x19; R2 = 0.952
Cooling time y20 = 2.83x20; R2 = 0.942
Melt temperature y21 = 3.4x21; R2 = 0.993

Figure 18 shows the comparison of the amplification ratio among ABS, PP, and HDPE
flexure hinges. The average amplification ratio values of all injection molding parameters
are 6.85, 5.41, and 4.01, corresponding to ABS, PP, and HDPE flexure hinges. Generally, the
ABS flexure hinge has the highest amplification ratios, followed by the PP flexure hinge.
HDPE flexure hinge has the lowest amplification ratios among these plastic types. The
reason is this order’s gradual reduction in the tensile strength and elastic modulus [39].
Moreover, the highest amplification ratio is 8.81, gained by the ABS flexure hinge in the
packing pressure case. In reverse, the HDPE flexure hinge in the cooling time case has the
lowest amplification ratio of 2.83. The mechanical properties strongly affect the performance
of the plastic flexure hinge. The flexure hinge shape, in this case, is not suitable for finding
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Young’s modulus, as it is not a tensile test sample. The shape of the flexure hinge and the
process parameters could impact Young’s modulus value via the degree of crystallinity.
The Young’s modulus of ABS, PP, and HDPE are 3110 MPa, 1550 Mpa, and 1300 Mpa,
respectively. These values are very useful to explain the average amplification ratio values
of these plastic hinges. For ABS, PP, and HDPE flexure hinges, the average amplification
ratio values of all injection molding parameters are 6.85, 5.41, and 4.01. Therefore, the higher
the Young’s modulus value, the higher the amplification ratio value of the plastic hinges.
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The optimal function here is the maximum amplification ratio, which is the “a” factor”
in the equation y = a.x. This study tries to find the injection parameters that generate the
maximum amplification ratio. In addition, the optimal injection parameter for the ABS
flexure hinge with the highest amplification ratio is a filling time of 2.4 s, a filling pressure
of 39–43 bar, a filling speed of 79%, a packing time of 0.6 s, a packing pressure of 40 bar,
a cooling time of 24 s, and a melt temperature of 210 ◦C. With these optimal injection
parameters and the input value of 105 µm, the ABS flexure hinge could create a maximum
average output value of 736.6 µm. The optimal injection parameter for the PP flexure hinge
is a filling time of 1.5–2.3 s, a filling pressure of 27 bar, a filling speed of 54%, a packing
time of 0.6 s, a packing pressure of 25 bar, a cooling time of 24 s, and a melt temperature
of 214 ◦C. With the optimal injection parameter, and the input value of 128 µm, the PP
flexure hinge could create a maximum average output value of 964.8 µm. The optimal
injection parameter for the HDPE flexure hinge is like the PP hinge, which is a filling time
of 1.5–2.3 s, a filling pressure of 27 bar, a filling speed of 54%, a packing time of 0.6 s, a
packing pressure of 25 bar, a cooling time of 24 s, and a melt temperature of 214 ◦C. With
the optimal injection parameter, and the input value of 218 µm, the HDPE flexure hinge
could create a maximum average output value of 699.8 µm.

Table 4 presents the amplification ratios of different flexure hinge materials. The
aluminum alloys and steel alloys could produce a flexure hinge with a greater amplification
ratio compared to the ABS, PP, and HDPE flexure hinges [37,38]. However, the amplification
ratios of the ABS, PP, and HDPE flexure hinges are compatible with smart memory alloys
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and titanium alloys [40,41]. Most importantly, the injection plastic hinges may be mass-
produced at a low cost and high productivity level. On the other hand, the cost and
difficulty of producing the metallic flexure hinges are significantly higher than those of
injection plastic ones. Therefore, the injection plastic hinges could facilitate the application
of flexural hinges. In the future, we could examine how different hinge forms and corner
shapes affect the functionalities of injection flexure plastic hinges. The fatigue strength of
the injection plastic hinge could also be investigated.

Table 4. Amplification ratios of different flexure hinge materials.

Materials Amplification Ratio References

ABS 5.01–8.15 This study
PP 3.99–7.9 This study
HDPE 2.17–6.24 This study
Aluminum alloys 5–25 Kim et al. [37]
Steel alloys 16.2 Na et al. [38]
Smart memory alloys 2.2 Maffiodo et al. [40]
Titanium alloys 6.0 Fiaz et al. [41]

4. Conclusions

This study investigates the amplification of the injected plastic flexure hinge. The
effects of injection plastics and injection parameters on the amplification ratio of the com-
pliant mechanism flexural hinges are surveyed. The flexural hinge is injected with different
plastic types: filling time, filling pressure, filling speed, packing time, packing pressure,
cooling time, and melt temperature. Some noteworthy remarks that may be noted include
the following:

The injection plastic hinges could be produced at the mass production level with high
productivity and low cost. The relationship between the input and output data of the
ABS, PP, and HDPE flexure hinges at different injection molding parameters is a linear
relation. Changing the hinge’s material or numerous injection molding settings could have
a significant impact on its performance.

With the ABS flexure hinge, the packing pressure case has the greatest amplification
ratio of 8.81, while the filling speed case has the lowest value of 4.81. The optimal injection
parameter for an ABS flexure hinge is a filling time of 2.4 s, a filling pressure of 41 bar, a
filling speed of 79%, a packing time of 0.6 s, a packing pressure of 38–42 bar, a cooling time
of 24 s, and a melt temperature of 210 ◦C. The ABS flexure hinge could produce a maximum
average output value of 736.6 µm with this parameter and an input value of 105 µm.

The filling time case has the highest amplification ratio of 6.73 with the PP flexure
hinge, while the melt temperature case has the lowest value of 4.1. The optimal injection
parameter for a PP flexure hinge is a filling time of 1.5–2.3 s, a filling pressure of 27 bar, a
filling speed of 54%, a packing time of 0.6 s, a packing pressure of 25 bar, a cooling time of
24 s, and a melt temperature of 214 ◦C. With this parameter, and the input value of 128 µm,
the PP flexure hinge could create a maximum average output value of 964.8 µm.

With the HDPE flexure hinge, the packing time case achieves the greatest amplification
ratio of 5.4, while the cooling case has the lowest value of 2.83. The optimal injection
parameter for the HDPE flexure hinge is like the PP hinge, which is a filling time of
1.5–2.3 s, a filling pressure of 27 bar, a filling speed of 54%, a packing time of 0.6 s, a packing
pressure of 25 bar, a cooling time of 24 s, and a melt temperature of 214 ◦C. The largest
average output value that the HDPE flexure hinge could produce with the ideal injection
parameter and an input value of 218 µm is 699.8 µm.

For the ABS, PP, and HDPE flexure hinges, the amplification ratio values of all injection
molding parameters are 4.81–8.81, 4.1–6.73, and 2.83–5.4. In general, the ABS flexure hinge
could be superior to the PP flexure hinge in terms of amplification ratios. The lowest
amplification ratio among these plastic kinds is found in HDPE flexure hinges. The results
provide more insight into plastic flexure hinges and broaden their applications by finding
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the optimal injection parameters and plastic types. In the future, we could analyze the
effects of corner shapes and try other hinge shapes on the performance of the flexure
plastic hinges.
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Abstract: In this study, electrically insulating polyolefin elastomer (POE)-based phase change mate-
rials (PCMs) comprising alumina (Al2O3) and graphene nanoplatelets (GNPs) are prepared using
a conventional injection moulding technique, which exhibits promising applications for solar en-
ergy storage due to the reduced interfacial thermal resistance, excellent stability, and proficient
photo-thermal conversion efficiency. A synergistic interplay between Al2O3 and GNPs is observed,
which facilitates the establishment of thermally conductive pathways within the POE/paraffin wax
(POE/PW) matrix. The in-plane thermal conductivity of POE/PW/GNPs 5 wt%/Al2O3 40 wt%
composite reaches as high as 1.82 W m−1K−1, marking a remarkable increase of ≈269.5% when
compared with that of its unfilled POE/PW counterpart. The composite exhibits exceptional heat dis-
sipation capabilities, which is critical for thermal management applications in electronics. Moreover,
POE/PW/GNPs/Al2O3 composites demonstrate outstanding electrical insulation, enhanced me-
chanical performance, and efficient solar energy conversion and transportation. Under 80 mW cm−2

NIR light irradiation, the temperature of the POE/PW/GNPs 5 wt%/Al2O3 40 wt% composite
reaches approximately 65 ◦C, a notable 20 ◦C improvement when compared with the POE/PW blend.
The pragmatic and uncomplicated preparation method, coupled with the stellar performance of the
composites, opens a promising avenue and broader possibility for developing flexible PCMs for solar
conversion and thermal storage applications.

Keywords: phase change materials; injection moulding; solar energy storage; photo-thermal conver-
sion efficiency

1. Introduction

As electronics and energy storage devices become more tightly packed, high-performance
thermal interface materials (TIMs) are gaining attention [1–3]. Overheating leads to the
decline of performance, reduced lifespan, and safety risks due to a sudden increase in
internal heat flux. To ensure safety within a temperature range, it is vital to advance the
development of effective materials and technologies for thermal management to ensure the
prompt dissipation of accumulated heat. Moreover, given the pressing issues and concerns
relating to the population growth, the environment, and energy challenges, the demand for
eco-friendly energy has intensified [4–6].

Phase change materials (PCMs) are used to store energy and release excess heat during
phase changes, making them a key component of thermal management and storage [4,7–9].
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In general, PCMs mainly include organic PCMs and inorganic PCMs [10]. Compared
with inorganic PCMs, organic PCMs have a low supercooling degree, high storage density,
and no corrosivity, making them more widely used in industrial sectors [4]. Paraffin
wax (PW), which is recognized for its versatility as an organic material, is highly valued
for its capacity to adjust its phase change temperature, substantial latent heat capacity,
and cost effectiveness [11–13]. These attributes make it applicable across various thermal
management domains, such as solar energy, electronics, and power batteries. However,
during practical use, PW-based phase change composites (PWPCMs) face substantial
challenges, exhibiting an inherent low thermal conductivity, potential leakage, inefficient
light-to-heat conversion, and lack of flexibility, which decreases the efficiency of thermal
storage devices [14]. To overcome these challenges, flexible PCMs are developed through
methods like encapsulation with elastic shells, incorporating flexible porous structures,
and forming polymer networks [15]. Various polymers like unsaturated polyester resin,
polymethyl methacrylate, polyvinyl chloride, and thermoplastic elastomer have been
used [16–20]. Yang et al. [21] found that using a melamine sponge with excellent elasticity
enhanced stability and thermal conductivity. Bing et al. [22] created a UPR/EG/PEG
composite that could be used for solar energy applications, and it was found effective
in absorbing sunlight, converting photo-thermal energy, and energy storage. However,
flexible PCMs that include polymer-supporting structures experience sluggish thermal
response due to the low thermal conductivity of organic solid-liquid PCMs.

Researchers have adopted diverse approaches, including utilizing carbon-based ma-
terials, metallic fillers, and inorganic ceramic fillers such as MXene, graphite, graphene
nanoplatelets (GNPs), carbon nanotubes (CNTs), silver particles, silver nanowires, and
spherical alumina (Al2O3) to enhance the photo-thermal conversion and the thermal con-
ductivity of PCMs [23,24]. For example, Qi et al. [25] constructed a PCM that consisted
of graphene foam and PW (i.e., GF/PW), which had a three-dimensional (3D) network,
giving it excellent shape stability and a high thermal energy storage density. Notably, it
demonstrated a remarkable 87% enhancement in thermal conductivity and an 89% im-
provement in solar-thermal conversion efficiency. Wei et al. [3] employed a simple physical
blending method to integrate GNPs as thermal conductive fillers into a cross-linked poly-
olefin elastomer (POE), resulting in flexible PCMs with a thermal conductivity of about
∼5.11 W m−1K−1 and a notable capacity for efficient solar-thermal conversion. Ishida and
Rimdusit [26] achieved a thermal conductivity as high as 32.5 W m−1K−1 in a polyben-
zoxazine composite containing boron nitride (BN) at a filler concentration of 78.5 vol%
(88 wt%). Despite the improved thermal conductivity, the mechanical properties were
compromised due to the formation of defects at the polymer–filler interface, which nega-
tively affected the phonon transport and mechanical properties [27]. The observed decline
in mechanical properties after filler addition is consistent across various flexible PCMs,
posing a challenge to effectively improve thermal conductivity while preserving favorable
mechanical properties.

Numerous studies showed that incorporating hybrid fillers improved the performance
of functional fillers in polymer composites, enhancing properties like electromagnetic
interference shielding [28,29], wave absorption [30,31], electrical conductivity [32], and
thermal conductivity [33]. Ren et al. [34] observed enhancements in both mechanical prop-
erties and thermal conductivity of polypropylene (PP) through the addition of GNPs. Jin
et al. [35] reported an increase in the thermal conductivity of polycarbonate (PC) from
0.19 to 1.42 W m−1K−1 by adding 20 wt% BN, 1 wt% GNPs, and 1 wt% CNTs. Although
significant research progress has been achieved, there remains a lack of comprehensive
understanding regarding hybrid fillers in preparing functional polymer composites. Devel-
oping PCMs with latent heat and concurrently improving mechanical strength, light-to-heat
conversion, and heat transport is necessary to overcome obstacles for experimental de-
sign. Further investigation is essential to uncovering the intricate relationship between the
structure and performance of PCMs.
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In this study, a series of POE/PW/GNPs/Al2O3 PCMs were prepared using an injec-
tion moulding technique. The mechanical strength, flexibility, thermal conductivity, and
efficiency in converting light to heat were systematically studied. Additionally, the inves-
tigation delved into detailed analyses of morphology, structure, crystallization, thermal
stability, and simulated thermal management scenarios. The objective is to develop flexible
PCMs with noteworthy thermal conductivity, large latent heat storage, effective light-heat
conversion, and high tensile strength. This work aimed to enable integrated functionalities
such as photothermal conversion, efficient heat storage, and versatile utilization in various
thermal management applications. The proposed method provides a facile method to
prepare PCMs with enhanced performance that show promising applications in the energy
storage, solar utilization, and advanced thermal management sectors.

2. Materials and Methods
2.1. Materials

Paraffin wax (PW), with an apparent density of 0.90 g cm−3, was obtained from China
Sinopharm Group, Beijing, China. Polyolefin elastomer (POE), commercially known as
3980, was provided by ExxonMobil Chemical Co., Ltd., Spring, TX, USA, and it has a
density of 0.89 g cm−3. Graphene nanoplatelets (GNPs), with a thickness of 4~20 nm and
filler size ranging from 5~10 µm, were supplied by Chengdu Institute of Organic Chemistry,
Chengdu, China. Spherical alumina (Al2O3), with an average particle size of 20 µm, was
purchased from Tianxing New Materials Technology Co., Ltd., Xiaoyi, China.

2.2. Sample Preparation

Prior to blending, POE pellets, Al2O3, and GNPs were dried at 60 ◦C for at least
10 h. After this, a sequence of POE/PW/GNPs/Al2O3 composites were meticulously
formulated through melt blending, employing an internal mixer (XSS-300) at 90 ◦C and
50 rpm for 5 min. The specific formulations for the prepared samples are tabulated in
Table 1. Afterwards, the resulting mixtures were pulverized using a grinder, and they were
used for injection moulding using a Thermo Scientific HAAKE Minijet apparatus (Waltham,
MA, USA). The injection pressure was set at 500 bar, and the volumetric flow rate was
about 3.0 cm3 s−1. The dimensions of the samples were 80 × 10 × 4 mm3 (length × width
× thickness), and the mold temperature was 40 ◦C.

Table 1. Formulations of flexible PCMs.

Designation
Composition

POE (wt%) PW (wt%) GNPs (wt%) Al2O3 (wt%)

PPW 70 30 0 0%
PPWG5 70 30 5 0

PPWG5Al10 70 30 5 10
PPWG5Al20 70 30 5 20
PPWG5Al30 70 30 5 30
PPWG5Al40 70 30 5 40
PPWG5Al40 70 30 0 40

2.3. Characterization
2.3.1. Differential Scanning Calorimetry (DSC)

To analyze the melting and crystallization behavior of the flexible phase change
materials (FPCMs), a differential scanning calorimeter (DSC, TGA/DSC-1, Mettler Toledo,
Zürich, Switzerland) was employed. Samples, weighing 5~8 mg, were heated to 200 ◦C
at 10 ◦C min−1, and they were held at 200 ◦C for 5 min to eliminate thermal history.
Subsequently, samples were cooled down to 40 ◦C at 10 ◦C min−1. All tests were carried
out in a nitrogen (N2) atmosphere.
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2.3.2. Thermal Conductivity

The thermal diffusivity (α) of samples was determined by a laser flash method using
a Discovery DXF-900 instrument (TA Instruments, New Castle, PA, USA). To determine the
thermal conductivity (λ) of FPCMs, the following equation was employed: λ = α × Cp × ρ,
where ρ is density [36]. Here, α and Cp denote the thermal diffusivity and specific heat
capacity, respectively.

The bulk density was measured using the water displacement method with the help
of an MH-120E apparatus (Matsu Haku, Taiwan, China). The Cp was determined by DSC
using sapphire as the reference.

2.3.3. Scanning Electron Microscope (SEM)

The morphology of FPCMs was observed using a scanning electron microscope (SEM,
Nova Nano 450, FEI, Hillsboro, OR, USA). The samples were cryo-fractured in liquid
nitrogen, followed by coating a thin layer of gold to enhance image resolution.

2.3.4. Electrical Conductivity

A high-resistance meter (model TH2684A, Changzhou Tonghui Electronics Co., Ltd.,
Changzhou, China) was used to evaluate the electrical conductivity (σ) of FPCMs. The
testing range of the electrometer ranged from 10 kΩ to 100 TΩ. The values of σ for samples
were determined using Equation (1) [37]:

σ = 1/ρ = L/RS (1)

where, ρ is electrical resistivity, L is the distance between the copper electrodes, R is the
volume resistance, and S is the cross-sectional area.

2.3.5. Viscoelastic Behavior

To delve into the viscoelastic properties, a dynamic rheometer (MCR302, Anton Paar,
Graz, Austria) was employed at a temperature of 90 ◦C. Analyses were performed using
a constant-strain mode with a strain rate of 1%. To investigate the storage modulus (G′),
viscous modulus (G′′), and complex viscosity (η*) at various frequencies ranging from 100
to 0.01 rad s−1, specimens with a diameter of 25 mm and thickness of 1 mm were employed.

2.3.6. X-ray Diffraction (XRD)

The crystalline structure and diffraction characteristics of FPCMs were studied using
X-ray diffraction using an X-ray diffractometer (XRD, X’Pert Pro, PANalytical, Almelo,
The Netherlands). The diffraction patterns were collected within a 2θ range of 5~60◦ at
5◦ min−1.

2.3.7. Mechanical Properties

The mechanical properties of FPCMs were assessed using an Instron 4302 universal
mechanical tester (Instron Co., Canton, MA, USA). The crosshead speed was 50 mm min−1.

2.3.8. Light-to-Energy Conversion and Energy Storage

The energy transformation from light to electricity was accomplished with the assis-
tance of a CELHXUV300 xenon lamp (CEAULIGHT, Beijing, China) and an AM 1.5 filter,
along with a CEL-NP2000 optical power meter and a Seebeck thermoelectric device at
25 ◦C. A Keithley electrometer (2400, Cleveland, OH, USA) was utilized to record real-time
voltage data.

2.3.9. Light-to-Temperature Energy Conversion

The energy conversion from light to temperature was conducted using a CELHXUV300
xenon lamp (CEAULIGHT, China) equipped with an AM 1.5 filter, a CEL-NP2000 optical
power meter (CEAULIGHT, China), and a real-time temperature detector (TA612A, TASI,
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Suzhou, China). The samples were positioned within a foam insulation system, and the
lamp’s simulated sunshine was radiated directly on the surface of samples. The light
intensity was measured and adjusted using an optical power meter (CEL-NP2000, Beijing
Zhongguo Jinyuan Science and Technology Co., Ltd., Beijing, China) to ensure accuracy. The
calibration procedure allowed for exact control and measurement of light intensity during
light-to-temperature energy conversions, providing vital insights into the performance of
FPCMs under various lighting circumstances.

3. Results and Discussion
3.1. Rheological Properties

The flowability of composites plays a crucial role in the injection moulding process,
which affects the filling properties and microstructural evolution of the products [24,38]. To
investigate the effect of adding Al2O3 and GNPs on the flowability of POE/PW composites,
the rheological properties of the composites were tested. Figure 1 presents the frequency-
dependent viscoelastic properties of the POE/PW/Al2O3/GNPs composite, including
storage modulus (G′), loss modulus (G′′), and complex viscosity (η*). Figure 1a,b indicate
that introducing PW into the POE significantly reduces the values of both G′ and G′′,
revealing that the elasticity of the POE/PW composites is enhanced. However, adding
Al2O3 and GNPs into POE/PW composites displays a reverse phenomenon, in which
the G′ and G′′ increases with the presence of inorganic fillers. The above revealed that
the added fillers had a reinforcing effect on the POE/PW composites. Moreover, the η*
of all samples exhibits a gradual decrease with increasing shear frequency within the
entire frequency range, known as the “shear thinning” phenomenon [39]. As shown in
Figure 1c, all composites exhibit a plateau where the η* of the composites does not change
with an increase in a low-frequency region, indicating that the composites possess the
characteristics of non-Newtonian fluids. Whereas the η* of the composites decreases with
further increasing angular frequency, exhibiting the phenomenon of Newtonian fluid.
Nevertheless, the η* for samples containing fillers demonstrates an increase with the
incorporation of Al2O3 and GNPs. The results suggest that the addition of fillers impairs
the mobility of polymer melts, causing an increase in η*. It is noteworthy that the η* of
the composites is consistently lower than pure POE, indicating enhanced flowability and
processability.

 

Figure 1. (a) Storage modulus (G′), (b) loss modulus (G″), and (c) complex viscosity (η*) of POE/PW and 
POE/PW/GNPs/Al2O3 composites as a function of frequency at 90 °C. 

 

Figure 1. (a) Storage modulus (G′), (b) loss modulus (G′′), and (c) complex viscosity (η*) of POE/PW
and POE/PW/GNPs/Al2O3 composites as a function of frequency at 90 ◦C.
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3.2. Morphology

Figure 2 displays the SEM images illustrating the cross-sectional view of FPCMs.
The PW exhibits a dense morphology, and the PW of spherical shapes that are irregular
and vary in size are tightly integrated into a composite structure of POE. The irregular
spherical shape of PW was attributed to the difference in the wettability between the POE
and PW. In Figure 2b, it is evident that the addition of GNPs effectively improves the
distribution of PW, resulting in smaller particle sizes. Interestingly, Figure 2c–g show that
the presence of Al2O3 affects neither the morphology nor the structure of PW-based FPCMs.
PW is well distributed among the inorganic particles, serving as an effective connector and
contributing to enhancing the mechanical properties of the composites.
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Figure 2. SEM images of FPCMs, in which (f1) and (g1) were the local magnification of (f) and (g),
respectively.

3.3. Crystallization Behavior of FPCMs

The XRD patterns of FPCMs are shown in Figure 3a. The characteristic peaks of
FPCMs are a combination of the peaks of several components (GNPs, Al2O3, and PW),
which proves that the filling process is basically physical mixing. Moreover, compared
with pure PPW, the position and intensity of the peaks at 21.4◦ and 23.8◦ of FPCMs do not
change significantly. This suggests that PW retained its crystalline state within FPCMs,
ensuring the effective release of latent heat.

The heat storage capacity, a critical parameter for FPCMs, was determined by DSC.
Figure 3b illustrates the DSC curves for FPCMs with varying Al2O3 loadings. The corre-
sponding results are shown in Table 2. During the melting process, there are two obvious
phase transition peaks in the DSC curves of PW, among which, the peak of about 35 ◦C
corresponds to the solid-solid phase transition of PW, and with the further increase in tem-
perature, PW undergoes a solid-liquid phase change; a second endothermic peak appears at
about 50 ◦C, which reflects the good heat storage ability of PW. The DSC curves of FPCMs
with different loadings of Al2O3 and GNPs showed highly overlapping patterns, indicating
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a similar phase transition behavior, with two endothermal peaks appearing during the
melting process. This suggested that the presence of Al2O3 and GNPs allowed for a normal
phase transition process. However, a slight difference between FPCMs and pure PW was
noted in the melting temperature. This is mainly because the cross-linking effect of FPCMs
resulted in an expansion of PW particles during the melting process.
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Table 2. The thermal analysis data of DSC.

Samples Melting Temperature
(◦C)

Melting Enthalpy
(J/g)

Theoretical Value
(J/g)

PPW 50.7 64.9 66.4
PPWG5 50.1 48.7 49.1
PPWG5Al10 49.9 53.4 57.7
PPWG5Al20 50.6 52.8 53.1
PPWG5Al30 49.9 64.6 66.4
PPWG5Al40 50.3 48.3 49.1
PPWAl40 50.5 47.4 49.4
PW 53.7 221.2 /

3.4. Mechanical Properties

The application of FPCMs demands commendable mechanical properties, often pre-
senting a challenge since PW has a high degree of rigidity in the solid state. Typically, the
simultaneous improvement of mechanical strength and heat storage properties in FPCMs
is considered contradictory. Figure 4a illustrates the stress–strain curves of FPCMs filled
with varying amounts of Al2O3, and the results are shown in Figure 4b. Introducing PW
into POE proves to be highly effective, significantly enhancing the elongation at break from
approximately 650% to around 1100%, representing a twofold improvement. Notably, the
PPW, with and without GNPs, demonstrated the ability to withstand tensile stresses of 15.3
and 14.8 MPa, respectively. Correspondingly, the tensile strain reached 930% and 1127%,
respectively. The tensile strength and strain of PW-based PCMs demonstrated a regular
decrease with increasing Al2O3 loadings. Even at an Al2O3 loading of 40 wt%, FPCMs
exhibited a tensile stress of 12 MPa and a strain of 900%. FPCMs with mechanical strength
serve as an effective thermal management solution. Despite the irregular distribution
of Al2O3 and PW, the cross-linking structures contributed to improving the mechanical
strength of FPCMs, enabling a simultaneous enhancement in strong mechanical strength,
converting light into heat, and maintaining latent heat.
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3.5. Thermal Conductivity

Figure 5a–c depicts the in-plane and through-plane λ as well as the enhancement rate
of λ for POE/PW/Al2O3/GNPs composites. The λ of PPW without fillers is poor, with
in-plane and through-plane λs of 0.49 and 0.18 W m−1K−1, respectively. The difference
in λ between the in-plane and through-plane of PPW is due to the orientation of PPW
chains under the action of a shear force field during injection moulding. The λ of PPW
increased due to the addition of functional fillers. In particular, the PPWG5 had an in-
plane λ of 1.1 W m−1K−1 and a through-plane λ of 0.22 W m−1K−1. This was related to
the oriented arrangement of polymer chains that improved the λ by increasing the mean
free path of phonons. Figure 5a,b show that the λ of POE/PW/GNPs/Al2O3 in different
orientations increases linearly with the increase in Al2O3 content, which suggests that
the increase in filler content facilitated the formation of 3D conductive pathways, thereby
contributing to an increase in λ. The in-plane and through-plane λs of PPWG5Al40 are 1.42
and 0.38 W m−1K−1, which increased by 269% and 111%, respectively, when compared
to pure PPW (Figure 5c). This is mainly due to the complementary shapes of Al2O3 and
GNPs, which exert a synergistic effect inside the matrix and significantly improve the λ.
Furthermore, the composites have commendable insulating properties, as confirmed by the
insulation analysis in Figure 5d. Table 3 shows the λ using similar thermally conductive
fillers or phase change materials. It can be noted that this work is the highest in both the
values of λ and the degree of increase in λ. This further confirms that the spherical Al2O3
and lamellar GNPs are able to complement each other to exert a synergistic effect within
the matrix, which greatly facilitates the construction of the thermal conductive network.

Table 3. Comparison of thermal conductivity and enhancement rate of thermal conductivity.

Filler Type Phase Change
Material

Thermal
Conductivity
(Wm−1K−1)

Thermal
Conductivity

Enhancement (%)
Reference

PVA/Graphite PW 0.29 20.8 [40]
Graphene PW 0.32 18.5 [41]

OBC/GNPs Palmitic acid 0.79 155.0 [4]
rGO PW 0.46 84.2 [19]

Graphene PW 0.41 17.1 [42]
PVA/MXene PW 0.62 138.5 [43]

POE/PW/Al2O3/GNPs PW 1.82 269.5 This work
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The service life of LED lamps decreases exponentially with the increase in operating
temperature, and the accumulation of heat causes problems such as wavelength shift
and output power reduction. To verify the heat dissipation of thermal management
materials, FPCMs with a thickness of 2 mm were placed between the LED chip and heat
sink. A temperature recorder and a thermal infrared imager were also used to record the
temperature of the LED lamp surface in real time, as shown in Figure 6a,b. The results
showed that when using PPW as the thermal management material, the temperature of
the LED surface increases gradually with the prolongation of working time, and when the
time reaches 270 s, the temperature of the LED surface reaches about 75 ◦C, since PPW
has a lower λ and it is not able to dissipate the heat generated by the LED chip. However,
when using POE/PW/GNPs/Al2O3 composites, the temperature of the LED chip shows a
slower increase and stays at a relatively low steady state of 77.3 ◦C (PPWAl40) and 65.2 ◦C
(PPWG5), respectively. A comparison of the data reveals that the PPWG5Al40 has a higher
thermal management capability with the concurrent addition of GNPs and Al2O3. The
temperature of the LED chip sustained at 56.9 ◦C, which is about 13 ◦C higher than that
of heat sink. This fully demonstrates that PPWG5Al40 has the best heat dissipation ability,
which is consistent with its high λ.
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Figure 6. (a) The temperature variation of LED with time (the temperature of the center of LED chip
was measured) and (b) the infrared images of working LED using FPCMs as a thermal management
material after 5 min.
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3.6. Light-to-Heat Conversion

As shown in Figure 7a, the ability of photo-thermal conversion was evaluated using a
homemade device, in which a composite film was placed on a heat sink, and the change in
surface temperature was recorded by an infrared thermographic camera under the simu-
lated sunlight. As shown in Figure 7b, the surface temperature of POE/PW/GNPs/Al2O3
increases rapidly at a light density of 80 mW cm−2, and a temperature plateau appears
during the heating process. The maximum temperature of PPW as well as PPWAl40 films
reaches about 45 ◦C. However, with the addition of GNPs, the maximum temperature
of PPWG5 was substantially increased to 60 ◦C. Moreover, by introducing Al2O3 into
PPWG5, the maximum temperature of PPWG5Aly can be further enhanced. For example,
the PPWG5Al40 film shows the fastest heating rate with the highest temperature. Therefore,
it can be concluded that GNPs and Al2O3 play a dominant role in photothermal conversion
ability. As shown in Figure 7c, the surface temperatures of FPCMs were analyzed at the
light intensities of 50, 80, and 120 mW cm−2, respectively, and the surface temperatures
of FPCMs increased with the increase in light power. PPWG5Al40 reaches a very high
temperature of about 87 ◦C at a light intensity of 120 mW cm−2.
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To further validate the impact of GNPs and Al2O3 on light-to-thermal conversion
performance, an analysis of the surface temperature distribution was conducted using
an infrared thermal camera for FPCMs. As depicted in Figure 7d, with an increase in
irradiation time, the surface temperature of FPCMs consistently increased. Notably, FPCMs
with GNPs and Al2O3 exhibited higher surface temperatures when compared to those with-
out fillers at equivalent irradiation times. Furthermore, a direct correlation was observed
between higher sunlight irradiation and the increased surface temperature of FPCMs. For
instance, after a 12 min irradiation period, the average surface temperature of PPWG5Al40
at 50, 80, and 120 mW cm−2 reached 57.3, 68.7, and 85.9 ◦C, respectively. In contrast, the
average surface temperature of pure PPW at 120 mW cm−2 was only 52.6 ◦C. These findings
further substantiated that the incorporation of GNPs and Al2O3 effectively enhances the
light-to-thermal conversion performance of FPCMs.

The GNPs used in this study enhance the photon-absorbing capacity of FPCMs, allow-
ing them to achieve the energy conversion of light property that graphene has demonstrated,
which shows considerable promise for light-driven devices [39]. The “Seeback” thermoelec-
tric device was utilized to construct a light-heat-electricity energy conversion that utilizes
PCMs. This system utilizes a “Seeback” thermoelectric device, with a composite PCM and
tap water serving as the heat source and cold source for the thermoelectric component, as
depicted in Figure 8a. The intensity of the simulated sunshine was precisely regulated to
80 mW cm−2, while a real-time electrostatic meter was employed to measure the voltage.
As shown in Figure 8a, the voltage of POE/PW-based composites increases rapidly at a light
intensity of 80 mW cm−2, and a clear voltage plateau occurs during the heating process.
The maximum voltage of PPW as well as PPWAl40 reaches about 26 and 30 mV, respectively.
However, with the addition of GNPs, the maximum voltages of PPWG5 and PPWG5Aly
are substantially increased to about 40 mV. Therefore, it can be concluded that the addition
of GNPs significantly improves the photo thermoelectric conversion efficiency. As shown
in Figure 8b, the photo thermoelectric conversion efficiency of PPWG5Al40, which has the
best photo thermoelectric conversion efficiency, is further investigated by analyzing the
voltage of the films at light intensities of 50, 80, and 120 mW cm−2, respectively, and the
voltage of the films increases with the increase in light power. The PPWG5Al40 achieves
a higher voltage of around 45 mV at a light intensity of 120 mW cm−2. It further shows
that the photothermal power conversion efficiency of the composite film is better. It is
worth mentioning that this work uses tap water as a cold source, and it is close to the actual
application scenario.
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3.7. Thermal Cycling Stability of FPCMs

The PPW and PPWG5Al40 were chosen to analyze the changes of crystalline structures
undergoing 100 thermal cycles, as shown in Figure 9a. As can be seen from Figure 9a,
no new diffraction peaks appeared in the XRD patterns of all samples before and after
cycling, indicating that no change in the crystalline structure of the composites occurred.
Moreover, the thermal cycling stability of PPWG5Al40 was characterized by DSC, as shown
in Figure 9b. From the DSC curves in Figure 9b, it can be seen that the phase transition
temperature and enthalpy of PPWG5Al40 did not change significantly after 100 DSC cycles,
especially the enthalpy of the phase change basically did not have any loss, which indicates
that PPWG5Al40 can still maintain stable thermophysical properties and chemical structure
after 100 cycles of elevated/lowered temperatures, and it exhibits excellent cycling stability.
To further validate its stability, multiple cyclic tests were performed on the FPCMs under
80 mW cm−2 NIR light irradiation, as displayed in Figure 9d. As can be seen from Figure 9d,
the photothermal curves remained unchanged after multiple cycles, indicating that the
PPWG5Al40 exhibits good stability.
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4. Conclusions

This work successfully prepared a series of thermal-induced flexible phase change
composites (FPCMs) consisting of polyolefin elastomer (POE), paraffin wax (PW), graphene
nanoplatelets (GNPs), and aluminum oxide (Al2O3) through blending and injection mould-
ing. The composites exhibited good thermal management, coupled with superior perfor-
mance in terms of photothermal conversion and heat transfer. A comprehensive analysis
was conducted concerning the synergistic contribution of PW and GNPs to enhance the
mechanical strength, the conversion of light to heat, and the heat storage capabilities of
FPCMs. The underlying mechanism driving this enhancement was thoroughly elucidated.
GNPs play a crucial role as photon-absorbing and molecular heaters that are effective under
solar irradiation, inducing lattice vibrations in FPCMs, and facilitating efficient light-to-
heat conversion. Furthermore, the combination of GNPs and Al2O3 established thermal
conduction networks, thereby augmenting the heat transfer ability. The synergistic effect of
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hybrid fillers resulted in the fabrication of PPWG5Al40 with a tensile strength of 13 MPa,
elongation at break of about 900%, in-plane thermal conductivity of 1.82 W m−1K−1, and
efficient improvement in light-to-thermal conversion. In addition to exhibiting favorable
crystallization properties, FPCMs displayed high light-driven shape recovery capabilities,
acceptable thermal stability, and significant temperature control properties. Collectively,
these attributes underscore the suitability of these composites for thermal management
applications in electronics, among others.
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Abstract: Glass short fiber-reinforced thermoplastics (SGFRTP) are used to reduce carbon dioxide
emissions from transportation equipment, especially household vehicles. The mechanical properties
required for SGFRTP include flexural strength, impact resistance, etc. In particular, impact resistance
is an important indicator of the use of SGFRTP. For this study, a mechanical model was developed to
explain the notched impact strength of SGFRTP injection molded products in terms of their interfacial
shear strength. The values obtained from the model show good agreement with the experimentally
obtained results (R2 > 0.95). Results also suggest that the model applies to different fiber orientation
angle and a range of fiber lengths in the molded product that are sufficiently shorter than the critical
fiber length.

Keywords: impact strength; injection molding; interfacial shear strength; modeling; short
fiber-reinforced thermoplastics

1. Introduction

Reducing greenhouse gases such as carbon dioxide is recognized today as a common
goal worldwide to help alleviate global warming. Particularly, the reduction in carbon
dioxide emissions from transportation equipment such as automobiles and aircraft is
required [1].

To reduce the carbon dioxide emissions of transportation equipment, the introduction
of non-petroleum-based power systems is being considered in the automotive sector. One
example is battery-powered electric vehicles. A battery is heavier than a conventional
gasoline engine, thereby increasing the total vehicle weight. An increase in the vehicle
weight also engenders increased collision energy. Concern exists that effects on the human
body during accidents will be grievous. In the aircraft industry, carbon fiber-reinforced
plastic (CFRP) has been applied to hulls to improve fuel efficiency through weight reduc-
tion [2]. For automobiles, CFRP has been used on the chassis of high-end cars, achieving
a remarkable weight reduction of 100 kg. Suppose CFRP is applied to the chassis of
regular passenger cars. In that case, it can be expected to contribute to carbon dioxide
reduction significantly. However, this is expected to occur in the distant future because
of the high costs of CFRP. To reduce vehicle weight to a practical level, the back door and
instrument panel components can be assumed to be replaceable with even 3D-printed
fiber-reinforced plastics [3]. This strategy has already been implemented for the back doors
of some household automobiles. Currently, short glass fiber-reinforced thermoplastics
(SGFRTP) containing more than 40 wt% discontinuous glass fiber (GF) are used to meet
the required properties. GF has a higher specific gravity than carbon fiber (CF). Moreover,
it requires higher fiber contents because of the discontinuous and random dispersion of
the fibers. Therefore, even though the replacement of metallic materials with SGFRTP has
been achieved, weight reduction effects have not been as significant as expected. In the
case of SGFRTP, the molding is conducted mainly by injection molding, a mass production
technique used for thermoplastics. In injection molding, the material is often supplied as

Polymers 2023, 15, 4297. https://doi.org/10.3390/polym15214297 https://www.mdpi.com/journal/polymers74



Polymers 2023, 15, 4297

pre-made composite pellets. Therefore, the fiber length cannot be greater than the pellet
size. Moreover, the shear stress in the resin during the plasticization and inflow processes
leads to fiber pressure loss. With injection molding, the fiber length in SGFRTP is invariably
shorter than the pellet size. The fiber length in the SGFRTP injection molded products tends
to be shorter than the critical fiber length [4]. Furthermore, with injection molding, the
fibers flow into the mold cavity in a fountain flow pattern. Therefore, the fiber orientation
varies in the thickness dimension.

The mechanical properties of SGFRTP injection molded products vary depending
on the thickness and the molded product part. Usually, notched impact tests are used
to evaluate the impact resistance of molded products. The impact resistance of SGFRTP
injection molded products is also often evaluated according to the notched impact strength.
The SGFRTP strength and impact resistance are governed by factors originating from the
fiber, the matrix, and the interface between the fiber and the matrix [5]. Interfaces have
been modeled in several ways, e.g., a narrow continuum region with graded properties,
an infinitely thin surface separated by springs, and cohesive zones with specific traction–
separation relations. Table 1 presents the dominant factors affecting the strength and
impact resistance of SGFRTP. Among the factors originating from the fiber–matrix interface,
interfacial shear strength (IFSS) and interfacial strength (IFS) have attracted attention as
factors controlling the mechanical properties of fiber-reinforced plastics.

Table 1. Factors affecting SFRTP strength and impact strength.

SFRTP Structure Factors

Matrix Yield stress, Elastic modulus, Poisson’s ratio,
Density, Linear expansion coefficient, etc.

Fiber Strength, Elastic modulus, Poisson’s ratio, Density,
Linear expansion coefficient, etc.

Matrix/Fiber interface
Interfacial shear strength (IFSS), Interfacial strength

(IFS), Friction coefficient, Interaction force,
Specific surface area, etc.

In fact, pull-out [6], push-out [7], fragmentation [8,9], and pinhole pull-out meth-
ods [10] have been proposed to evaluate IFSS. The tensile test [11] has also been proposed
to evaluate IFSS. Although these methods are fundamentally effective for capturing the
fiber/matrix interface, they cannot be applied to actual molded products because they
require the preparation of unique, molded products for evaluation. Given this background,
Jiang et al. proposed a method to obtain the IFSS by short beam testing using SGFRTP
injection molded products [12]. This method enables the evaluation of IFSS using molded
products. The correlation between IFSS and mechanical properties such as strength and
toughness can be derived quantitatively. In recent years, it has been reported that there is a
positive qualitative correlation between IFSS and impact strength.

T. K. Kallel et al. reported the effects of fiber orientation and interfacial shear strength
on the mechanical and structural properties of GF-reinforced polypropylene (PP-g-MAH)
and maleic anhydride (MAH) grafted SGFRTP [13]. The obtained results have shown that
the interfacial adhesion was substantially improved when the PP-g-MA compatibilizer was
added. The enhancement of the mechanical properties such as, impact strength and tensile
strength, was affected by the increase in fiber orientation consistency and the enhancement
of interfacial shear strength. However, the meso-mechanical model is only discussed for
tensile strength.

Lou et al. reported the effects of some parameters, such as fiber length, fraction of
GF, and fraction of maleic anhydride grafted PP-g-MAH on the mechanical properties
and fracture structure of long fiber-reinforced thermoplastic composites (LFRT) [14]. The
obtained results have shown that the mass fraction of GF is the main factor affecting the
mechanical properties of the materials. Meanwhile, by studying the fracture mechanism of
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the 30 wt% GF LFRT, it can be concluded that the GF is subjected to most of the deformation
force. When fracture occurs, the fiber is pulled out of the matrix in particular directions
or broken. However, due to the inability to quantitatively analyze the failure state of long
fibers, there was no discussion about quantitative models.

B.B. Yin et al. reported the effects of some parameters, such as fiber length and
interfacial shear strength on the machine learning, and materials informatics approaches
for evaluating the interfacial properties of fiber-reinforced composites [15]. The obtained
results have shown positive correlations between IFSS and mechanical properties such as
strength and toughness. X. Fang et al. reported positive correlations between interfacial
shear strength and GF sheet-reinforced thermoplastics [16]. S. Parveen et al. even reported
positive correlations between interfacial shear strength and glass fiber-reinforced epoxy
composites [17].

From the above existing research, we can conclude that the correlation between IFSS
and impact strength has not been clarified. Nevertheless, some correlations between
impact properties and related parameters such as fiber length, fiber orientation, interfacial
shear strength, and fiber volume fraction have been found. However, a quantitative
model expressing impact strength using IFSS and IFS has not been proposed either. Both
researchers and product development engineers want to have a simple universal model
to predict impact strength. In our previous paper, we considered a quantification model
based on pull-out [13]. However, the effects of fiber orientation angle, fiber length, etc.,
have not yet been discussed in detail. In particular, extreme fiber orientation angles, where
all fibers are parallel to the fracture plane, need to be considered.

For this study, the correlation between the notched impact strength and the IFSS
calculated using the short beam test was clarified for SGFRTP injection molded products.
The model was validated by comparison with experimentally obtained results.

2. Materials and Methods
2.1. Materials

Polypropylene (PP, Novatec MA1B; Japan Polypropylene Corp. Tokyo, Japan,
MFR = 21 g/10 min, 230 ◦C, 2.16 kg, Tm = 160 ◦C, Tg = 0 ◦C) and polystyrene (PS, Toyo
Styrene GPPS G210C; Toyo-Styrene Co., Ltd. Tokyo, Japan MFR = 10 g/10 min, 230 ◦C,
2.16 kg, Tg = 105 ◦C) were used as matrices. Glass fibers (GF, ECS 03 T351; Nippon Electric
Glass Co., Ltd. Tokyo, Japan, D = 13 µm, L = 3~5 mm) surface-modified with amino groups
were used as fibers. Polypropylene maleic anhydride (MAH-PP, SCONA TSPP10213; BYK
Additives & Instruments Co., Ltd., Wesel, Germany) and polystyrene maleic anhydride
(MAH-PS, RESISFY R200; Denka Co., Ltd., Tokyo, Japan) were used as additives.

2.2. Sample Preparations

These materials were filled into a twin-screw extruder (IMC0-00; Imoto Machinery
Co., Ltd., Kyoto, Japan) and were melt mixed at a 230 ◦C melting temperature and a 60 rpm
screw speed. The configuration of the 15-mm-diameter screw installed in the extruder is
portrayed in Figure 1a. The ratio of screw length to screw diameter is 25.
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To explore the impact of different fiber length distributions, PP, MAH-PP, and GF
were filled into a single screw extruder (APEX JAPAN Co., Ltd., Saitama, Japan, AS-1) as
portrayed in Figure 1b. All materials were melt mixed at a 200 ◦C melting temperature
and a 20 rpm screw speed. In order to further control the variables, we added the same
proportion of materials to the twin-screw extruder, and they were melt mixed at a 200 ◦C
melting temperature and a 60 rpm screw speed. The melt-kneaded strands were pelletized
using a pelletizer (cold-cut pelletizer; Toyo Seiki Co., Ltd., Tokyo, Japan) to obtain composite
pellets with a 3 mm pellet length. The mixing ratios are shown in Table 2; we fixed the GF
content at 30 wt% and MAH-PP and MAH-PS at 1.5 wt%, and used the twin-screw extruder
at a 230 ◦C melting temperature (PP/GF, PP/MAH-PP/GF, PS/GF, PS/MAH-PS/GF). In
addition, we fixed the GF content at 10 wt% and MAH-PP at 5 wt% using the single screw
and twin-screw extruder at a 200 ◦C melting temperature (PP/MAH-PP/GF-Single screw
(PP/MAH-PP/GF-S) and PS/MAH-PS/GF-Twin-screw (PP/MAH-PP/GF-T)).

Table 2. Mixing ratios for melt-mixing.

Code Mixing Temp.
[◦C]

PP
[wt%]

MAH-PP
[wt%]

PS
[wt%]

MAH-PS
[wt%]

GF
[wt%]

PP/GF

230

70 30
PP/MAH-PP/GF 68.5 1.5 30

PS/GF 70 30
PS/MAH-PS/GF 68.5 1.5 30

PP/MAH-PP/GF-S
200

85 5 10
PP/MAH-PP/GF-T 85 5 10

The obtained composite material pellets were filled into an ultra-compact electric
injection molding machine (C, Mobile0813; Shinko Sellbic Co., Ltd., Tokyo, Japan) and were
injection molded to obtain beam-shaped molded products. This machine uses a pre-plunger
system with a 10-mm-diameter plunger and mold clamping pressure of 29.4 kN. Table 3
shows the injection molding conditions. To clarify the effect of fiber orientation angle on
impact performance, we designed two short beam-shaped specimens with different flow
conditions, and a molded product thickness of 2 mm (specific size: 50 × 5 × 2 mm). These
two types of products are shown in Figure 2. Figure 2a shows that beam specimens were
performed in a single flow direction. Figure 2b shows that the beam with weld specimens
were performed by adjusting the flow path so that a weld was formed in the center.

Table 3. Injection molding conditions.

Parameter PP/GF
PP/MAH-PP/GF

PS/GF
PS/MAH-PS/GF

PP/MAH-PP/GF-S
PP/MAH-PP/GF-T

Specimen shape Beam Beam Beam Beam with weld
Injection temp. [◦C] 230 230 200

Mold temp. [◦C] 50 50 50
Injection speed [mm/s] 30 20 10
Holding pressure [MPa] 84 92 84

Injection time [s] 45 45 45
Cooling time [s] 15 15 15

GF content [wt%] 10, 20, 30 10, 20, 30 10
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2.3. Charpy Impact Tests

A notch with a 0.25 mm tip radius was machined in the center of the obtained beam-
shaped molded product. The notch depth was approximately 1 mm. The notched beams
were subjected to Charpy impact tests using a Charpy impact tester (MYS-Tester Co., Ltd.,
Osaka, Japan). The loading speed was 2.91 m/s. The spun length was 40 mm. The Charpy
impact strength of the specimens was found by calculating the absorbed energy U from the
obtained swing angle based on the following Equation (1).

aiN =
U

B(W − a)
(1)

Wherein, B stands for the molded product thickness. Also, W denotes the width of the
molded product and a represents the notch depth.

2.4. Short Beam Share Testing for Determination of IFSS

The obtained beams were subjected to short beam share testing using a small universal
mechanical testing machine (MCT-2150; A&D Co., Ltd., Tokyo, Japan). The loading speed
was 10 mm/min and the spun length was 10 mm. The obtained load–deflection curve was
differentiated by deflection to obtain the stiffness–deflection curve. Figure 3 presents an
example of the stiffness–deflection curve. In the case of SGFRTP injection molded products,
the fibers in the molded products are oriented randomly. In other words, most of the fibers
are oriented obliquely to the flow direction. However, when a three-point bending load
is applied, a bending moment and a shear stress are generated at the loading plane. The
shear stresses are conjugate. They reach their maximum at the neutral plane. In the short
beam test, high shear stress is generated near the neutral plane by shortening the spun
length, which induces slippage at the interface. In the case of obliquely oriented fibers,
the interface slippage is regarded as occurring first in either the parallel or perpendicular
direction to the loading direction and then in the opposite direction as loading increases. In
other words, a discontinuous decrease in stiffness is observed at two points. The point at
which the stiffness decrease occurs under small shear stress is designated as Point 1. The
point at which the decrease occurs under large shear stress is called Point 2.

In the case of SGFRTP injection molded products, the fibers near the neutral plane are
oriented at an angle close to perpendicular to the flow direction. Therefore, the interface
slippage is expected to occur first in a direction parallel to the loading direction. In other
words, the relation between IFSS and shear stress at Point 1, in this case, can be expressed
by Equation (2) below.

IFSS =
τ1

cos θ f
=

3P1

4BW cos θ f
(2)

78



Polymers 2023, 15, 4297

Wherein, θf is the orientation angle of the GF dispersed near the neutral plane. The
same relation at Point 2 can be expressed as the following Equation (3).

IFSS =
τ2

sin θ f
=

3P2

4BW sin θ f
(3)

From Equations (2) and (3), θf is expressed by Equation (4) below.

θ f = tan−1 τ2

τ1
= tan−1 P2

P1
(4)

Jiang et al. showed that this angle represents a frequent orientation angle in molded
products [12]. The IFSS is obtainable by substituting the θf obtained in Equation (4) into
Equations (2) or (3). In this study, the IFSS was calculated based on the abovementioned
method. The correlation between the IFSS and the Charpy impact strength was investigated.
In this study, all IFSS evaluations were conducted using beam specimens without weld.
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Figure 3. Load–displacement and rigidity–displacement curves were obtained from three-point
bending tests using the short beam shear test.

2.5. Tensile Testing for Determination of IFS

The obtained beam with weld specimens was subjected to tensile testing using a small
universal testing machine (IMADA Co., Ltd., Toyohashi, Japan, FSA-1KE-1000N-L). The
loading speed was 0.5 mm/min; the span distance was 22 mm. The IFS of the specimens
was found by using the maximum load Pmax based on the following Equation (5) [11].

IFS =
Pmax

BW
(5)

In this study, the IFS was calculated based on the method described above and all IFS
evaluations were conducted using beam with weld specimens. The correlation between the
IFS and the Charpy impact strength was also investigated.

2.6. Fiber Length Measurement

To measure the fiber length in the molded product, the area subjected to the Charpy
impact test was cut out by machining. The cut-out area was placed in a small electric
furnace (FT-HP-100; Full-Tech Co., Ltd., Osaka, Japan) and was fired at 600 ◦C for 4 h to
obtain the residue. Then, the residue was spread out on a glass slide. Details of the residue
were photographed using a phase contrast microscope (BA410EPH-1080; Shimadzu Rika
Corp., Tokyo, Japan). Then, using image analysis software (WinLOOF ver.7.0; Mitani Corp.,
Fukui, Japan), the fiber lengths of more than 500 glass fibers in the photographs were
measured. The average fiber length and its standard deviation were found.
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2.7. Fiber Orientation Measurement

The fiber orientation corresponding to the core layer in the area subjected to the
Charpy impact test was photographed using a microfocus X-ray CT system (ScanXmate-
D225RSS270; Comscantecno Co., Ltd., Kanagawa, Japan) and a sub-microfocus X-ray CT
unit (MARS TOHKEN SOLUTION Co., Ltd., Tokyo, Japan, TUX-3200N). The obtained fiber
orientation photographs were used to ascertain the average fiber orientation angle of more
than 350 fibers with respect to the flow direction using image analysis software (WinLOOF
ver.7.0; Mitani Corp., Fukui, Japan).

2.8. Fracture Surface Observations

The fracture surface obtained after the Charpy impact test was photographed using a
phase contrast microscope and a digital microscope (TG200HD2-Me; Shodensha Co., Ltd.,
Osaka, Japan). The photographic angle was set as 0◦ for the phase contrast microscope
and 45◦ for the digital microscope, with respect to the side of the specimen. Using image
analysis software, the fiber pull-out lengths of more than 300 fibers were measured from
the photographs taken using a phase contrast microscope. The average pull-out length and
its standard deviation were calculated.

3. Results
3.1. IFSS of Injection Molded SGFRTP

Figure 4a presents the results of using the twin-screw extruder at a melting temperature
of 230 ◦C for IFSS evaluation. The error bars in the figure represent the standard deviation.
Results showed a decreasing trend with increasing fiber content. However, the IFSS tended
to increase with the addition of maleic anhydride-modified polymer, which is compatible
with the matrix. This trend is consistent with the results reported by Kallel et al. for
PP/GF-30 wt% [13].
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Figure 4. Interfacial shear strengths and interfacial strengths of different melt-mixing condi-
tion SGFRTPs. (a) Twin-screw extruder with 230 ◦C melting temperature melt-mixing condition.
(b) Twin-screw and single-screw extruder with 200 ◦C melting temperature melt-mixing condition.

Figure 4b presents the results of using the twin-screw and single-screw extruders at
a melting temperature of 200 ◦C for IFSS and IFS evaluation. The error bars in the figure
represent the standard deviation. Results showed that the results of different extruders are
almost the same.

3.2. Charpy Impact Strength of Injection Molded SGFRTP

Figure 5a portrays the results of using the twin-screw extruder at a melting temperature
of 230 ◦C for evaluation of the Charpy impact strength. The error bars in the figure indicate
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the standard deviation. The value of aiN tended to increase with the increase in fiber content.
Furthermore, the addition of maleic anhydride-modified polymer, which is compatible
with the matrix, showed a tendency to increase the value. This trend is consistent with
results reported by Kallel et al. for PP/GF-30 wt% [13].
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extruder with 200 ◦C melting temperature melt-mixing condition.

Figure 5b portrays results of using the twin-screw and single-screw extruders at a
melting temperature of 200 ◦C for evaluation of the Charpy impact strength. The error bars
in the figure indicate the standard deviation. The value of aiN tended to increase obviously
when using the single-screw extruder. Furthermore, the beam with weld specimen with
the same orientation angle as the impact direction (perpendicular to the flow direction of
injection molding) showed almost the same aiN results for different extruders.

4. Discussion
4.1. Quantitative Models of Energy Dissipation at Impact Loading of Beam Specimens’ SGFRTP

Figure 6 presents results of phase contrast microscope observations of the notch tip
area. As these photographs show, fiber pull-out was observed near the notch tip in all
specimens of the compositions examined for this study. As the fiber content increased,
the number of pulled-out fibers tended to increase. Figure 7 presents results of digital
microscopic observations. These photographs were taken with magnification that accom-
modates viewing the entire fractured surface. The red dotted wireframe emphasizes the
entire fracture surface inside. These photographs indicate that lines are drawn through the
entire fractured surface of all the specimens of the compositions examined for this study.
These results suggest that the main mechanism of impact energy dissipation in the studied
compositions is fiber pull-out. This impact fracture behavior is consistent with the results
reported by Quan et al. [18].
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Figure 6. Phase contrast microscope images using the twin-screw extruder at a melting temperature
of 230 ◦C; beam specimens’ SGFRTPs observed after Charpy impact tests. Arrows in the figures
indicate the notch tip. (a) PP/GF-10 wt%. (b) PP/GF-20 wt%. (c) PP/GF-30 wt%. (d) PP/MAH-
PP/GF-10 wt%. (e) PP/MAH-PP/GF-20 wt%. (f) PP/MAH-PP/GF-30 wt%. (g) PS/GF-10 wt%.
(h) PS/F-20 wt%. (i) PS/GF-30 wt%. (j) PS/MAH-PS/GF-10 wt%. (k) PS/MAH-PS/GF-20 wt%.
(l) PS/MAH-PS/GF-30 wt%.
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Figure 7. Fractured surface images using the twin-screw extruder at a melting temperature of
230 ◦C; beam specimens’ SGFRTPs observed after Charpy. (a) PP/GF-10 wt%. (b) PP/GF-20 wt%.
(c) PP/GF-30 wt%. (d) PP/MAH-PP/GF-10 wt%. (e) PP/MAH-PP/GF-20 wt%. (f) PP/MAH-PP/GF-
30 wt%. (g) PS/GF-10 wt%. (h) PS/GF-20 wt%. (i) PS/GF-30 wt%. (j) PS/MAH-PS/GF-10 wt%.
(k) PS/MAH-PS/GF-20 wt%. (l) PS/MAH-PS/GF-30 wt%.

Figure 8 shows the average fiber pull-out length, lp, as measured from the phase
contrast microscope observation. The error bars in the figure show the standard deviation.
Actually, lp tended to become shorter with increasing fiber content and interfacial shear
strength. The lp of PS was shorter than that of PP compared to that of matrix.
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Figure 8. Pull-out fiber lengths of beam specimens’ SGFRTPs observed from Charpy impact tests.

Figure 9 shows the fiber content dependence of the average fiber length of the fibers,
Lf, present in the molded product. The error bars in the figure show the standard deviation.
Results show that Lf tends to become shorter as the fiber content increases. The Lf of
PS was shorter than that of PP when compared with that of matrix. At the same time,
we should also note that compared to the unadded matrix, the addition of MAH-PP or
MAH-PS affected the fiber length and the pull-out fiber’s length. With the addition of MAH-
PP or MAH-PS, the fiber length was slightly shorter compared to that without addition.
Results indicate that an increase in interfacial shear strength will cause damage to the fibers
during injection molding. The relation between Lf and lp in Figures 8 and 9 suggests that
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some correlation exists between Lf and lp. Figure 10 presents a relation between Lf and lp,
approximated by the linear function equation shown in the figure. When the dispersed
fibers are shorter than the critical fiber length lc shown in Equation (6) below, fiber pull-out
dominates the yield condition of SFRTP.

lc =
σFd
2τ

(6)
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In that equation, d is the fiber diameter and τ denotes the IFSS. The shear stress inside
the fiber is maximal at half of the fiber length. In other words, theoretically, a 2:1 relation
can be found between Lf and lp [19]. The relation between Lf and lp obtained in this study is
approximately 2:1, which is equal to the theoretical value. This result also indicates that the
addition of MAH-PP or MAH-PS does not affect fiber pull-out. This finding implies that the
energy dissipation quantitative models in the Charpy impact test are mostly attributable to
fiber pull-out. Figure 11 shows the value of Lf divided by lc. This value is smaller than 1,
which means that the yield condition of SFRTP is dominated by fiber pull-out. All results
in the figure are less than 0.5. From these results, one can infer that the energy dissipation
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quantitative models in the Charpy impact test of the compositions studied in this paper are
attributable to fiber pull-out.
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Figure 11. Lf/lc of beam specimens’ SGFRTPs.

4.2. Notched Impact Strength of Fiber Pull-Out

Based on the discussion presented above, we assume for these analyses that most of
the energy dissipated in the Charpy impact test comes from fiber pull-out. The amount of
energy dissipated by this mechanism is modeled using IFSS. Figure 12 shows the energy
dissipation region during the Charpy impact test. The energy dissipation attributable to
fiber pull-out occurs only in the region where the fiber is pulled out. Therefore, the energy
dissipating region VP is expressed using Equation (7).

VP = lpB(W − a) (7)
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Figure 12. Pull-out model with an explanation of the notched impact strength. Reprinted with
permission from Ref. [18]. 2023. Elsevier.

The energy dissipated by the fiber withdrawal is regarded as coming from the friction
at the interface between the fiber and the matrix phase. Therefore, the total amount of
energy dissipated UP can be expressed by Equation (8).

UP = τ cos ϕlpS f VP (8)

In that equation, ϕ denotes the orientation angle of the fiber with respect to the loading
direction. In the Charpy impact test, the Charpy impact strength is obtained by dividing
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UP by the ligament area. Therefore, the final theoretical value aModel-P is expressed by the
following Equation (9).

aModel−P =
UP

B(W − a)
= τ cos ϕS f l2

p (9)

4.3. Quantitative Models of Energy Dissipation at Impact Loading of Beam with Weld Specimens’
SGFRTPs

Figure 13 presents results of phase contrast microscopy observations of the notch tip
area. As shown in these photographs, fiber pull-out was observed near the notch tip in
all beam specimens. Compared to the beam specimens, no fiber pull-out was observed in
the Charpy impact test beam specimens with weld. Figure 14 presents results of digital
microscopy observations. These photographs were taken at a magnification that allows
the entire fracture surface to be viewed. These photographs show that lines are drawn
through the entire fractured surface of beam specimens. Compared to the beam specimens,
almost no lines are drawn through the fractured surfaces of beam with weld specimens.
These results suggest that interfacial debonding is the main mechanism of impact energy
dissipation in the beam with weld specimens.
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Figure 13. Phase contrast microscope images of using twin-screw and single-screw extruders at a
melting temperature of 200 ◦C on beam and beam with weld specimens’ SGFRTPs after Charpy
impact tests. Arrows in the figures indicate the notch tip. (a) PP/MAH-PP/GF-T Beam. (b) PP/MAH-
PP/GF-S Beam. (c) PP/MAH-PP/GF-T Beam with Weld. (d) PP/MAH-PP/GF-S Beam with Weld.
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Figure 14. Fractured surface images using twin-screw and single-screw extruders at a melting
temperature of 200 ◦C on beam and beam with weld specimens’ SGFRTPs after Charpy impact tests.
(a) PP/MAH-PP/GF-T Beam. (b) PP/MAH-PP/GF-S Beam. (c) PP/MAH-PP/GF-T Beam with Weld.
(d) PP/MAH-PP/GF-S Beam with Weld.
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Based on the discussion presented above, we assume for these analyses that most of
the energy dissipated in the Charpy impact test comes from interfacial debonding when
the fiber orientation direction is the same as the impact direction. Figure 15 shows the
area of energy dissipation during the Charpy impact test. The energy dissipation due to
interfacial debonding occurs only in the region of the fiber-to-fiber distance 〈LT〉 between
the welding point. Therefore, the energy dissipating area VD is expressed by the following
Equation (10).

VD = 〈LT〉B(W − a) (10)
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Figure 15. Interfacial debonding model with an explanation of the notched impact strength.

The energy dissipated by the interfacial debonding is considered to come from the IFS
between the fiber and the matrix phase. Therefore, the total amount of energy dissipated
UD can be expressed by Equation (11).

UD = IFS·VD (11)

In the Charpy impact test, the Charpy impact strength is obtained by dividing UD
by the ligament area. Therefore, the final theoretical value aModel-D is expressed by the
following Equation (12).

aModel−D =
UD

B(W − a)
= IFS·〈LT〉 (12)

4.4. Validity of the Proposed Theory

To perform calculations using these models, ϕ and 〈LT〉 must be found. Figure 16
presents X-ray CT observations taken from the surface of the molded product to about 1
mm in the thickness direction using a twin-screw extruder with a melting temperature of
230 ◦C for injection molded beam specimens. Since notches are introduced in the width
direction in this study, we extracted more than 350 fibers from the region excluding the
notches. We obtained the average orientation angle and its distribution. Figure 17 presents
the orientation angle distribution and the average orientation angle. In all compositions,
the fibers were mostly oriented perpendicular to the flow direction. As described in this
paper, ϕ was used to obtain aModel-P using the average orientation angle. Figure 18 presents
X-ray CT observations taken from the surface of the molded product to about 1 mm in the
thickness direction using a twin-screw and single-screw extruder with a 200 ◦C melting
temperature beam and a beam with weld specimens. We obtained the average orientation
angle using the same method as in Section 4.1. We also obtained the average fiber-to-fiber
distance near the welding point region, excluding the notches. As described in this paper,
〈LT〉 was used to obtain aModel-D using the fiber-to-fiber distance.
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Figure 16. X-ray CT images using the twin-screw extruder at a melting temperature of 230 ◦C
on injection molded beam specimens’ SGFRTPs. Reprinted with permission from Ref. [18].
2023. Elsevier.
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Figure 18. X-ray CT images, average orientation angles, and average fiber-to-fiber distance using twin-
screw and single-screw extruders at a melting temperature of 200 ◦C on beam and beam with weld
specimens’ SGFRTPs. (a) PP/MAH-PP/GF-T Beam. (b) PP/MAH-PP/GF-S Beam. (c) PP/MAH-
PP/GF-T Beam with Weld. (d) PP/MAH-PP/GF-S Beam with Weld.

Figure 19 shows the correlation between aiN, aModel-P, and aModel-D. The correlation
of SGFRTPs shown in this figure is proportional. The coefficient of determination R2 is
close to 0.95, which is a good agreement. Also, the verification results show that the impact
strength can be explained by Equation (9) when fiber pull-out is the main source of energy
dissipation in quantitative models. In addition, the impact strength can be explained
by Equation (12) when interfacial debonding is the main source of energy dissipation in
quantitative models.

It is important to note the correlation between the interfacial debonding model and the
cohesive force model (CFM) in this study. The cohesive zone approach is used to describe
fracture and failure behavior in various material systems [20–22]. In the CFM, a stress-based
criterion for debonding and a frictional resistance-based criterion for interfacial sliding
were used to capture debonding and sliding [23]. In the Charpy impact test, debonding
is postulated to occur under the combined action of normal tensile stress (mode I) at
the interface. The physical meaning of 〈LT〉 can have the same meaning as crack tip
opening displacement (COD). The same physical meaning can also illustrate the reliability
of this model.
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Figure 19. Correlation between aiN, aModel-P, and aModel-D.

5. Conclusions

This study investigated the correlation between IFSS, IFS, and impact strength of
injection molded glass fiber-reinforced thermoplastics made of a polypropylene and
polystyrene matrix.

I IFSS decreased with the increase in fiber content.
I IFSS and IFS showed almost no changes following change in fiber length.
I Charpy impact strengths increased with the increase in fiber content or fiber length.
I Charpy impact strengths showed almost no changes when the fiber orientation direc-

tion was the same as the impact direction.
I The relation between Lf and lp obtained in this study was approximately 2:1, which is

equal to the theoretical value. At the same time, both are shorter than the critical fiber
length. Usually when the fiber is shorter than the critical fiber length, the fiber break
does not happen in SGFRTP.

I Fracture surface observation results indicated that fiber pull-out and interfacial
debonding were the primary sources of energy dissipation in the quantitative models.

Two theoretical equations with fiber pull-out and interfacial debonding as the main
energy dissipation sources in the quantitative models were developed and correlated with
the experimental results. Good agreement was obtained (R2 > 0.95). Furthermore, the fiber
orientation at the interface will not affect the universality of the model.

This study clarified the quantitative models for interfacial shear strength, interfacial
strength, and impact strength of injection molded beam-shaped specimens with different
fiber orientation angles. However, this is based on the situation where the dispersed fiber
length in injection molded products is less than the critical fiber length. When the fiber
length distribution is longer than the critical fiber length in the molded product, especially
in the fiber extraction model, the relationship between the fiber extraction length and
the critical fiber length needs to be further clarified. Since fibers with weaker interfacial
strength or less susceptibility to fracture during molding, such as organic fibers, plant
fibers, etc., can be used, the universality of this model needs to be further verified.
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Abstract: The molecular orientation formed by melt-forming processes depends strongly on the flow
direction. Quantifying this anisotropy, which is more pronounced in polymer blends, is important
for assessing the mechanical properties of thermoplastic molded products. For injection-molded
polymer blends, this study used short-beam shear testing to evaluate the mechanical anisotropy as
a stress concentration factor, and clarified the correlation between the evaluation results and the
phase structure. Furthermore, because only shear yielding occurs with short-beam shear testing,
the yielding conditions related to uniaxial tensile loading were identified by comparing the results
with those of three-point bending tests. For continuous-phase PP, the phase structure formed a
sea-island structure. The yield condition under uniaxial tensile loading was interface debonding. For
continuous-phase PS, the phase structure was dispersed and elongated in the flow direction. The
addition of styrene–ethylene–butadiene–styrene (SEBS) altered this structure. The yielding condition
under uniaxial tensile loading was shear yielding. The aspect ratio of the dispersed phase was found
to correlate with the stress concentration factor. When the PP forming the sea-island structure was
of continuous phase, the log-complex law was sufficient to explain the shear yield initiation stress
without consideration of the interfacial interaction stress.

Keywords: interfacial interaction force; morphology; short-beam shear tests; yield condition; yield
initiation stress

1. Introduction

Thermoplastics are used in widely diverse applications, from minor daily necessities to
automobiles, because of their lighter weight and superior moldability than those of metals
and ceramics [1–3]. Moreover, because thermoplastics have lower melting temperatures
than metals or ceramics, they can be melt-molded with the expenditure of low energy
costs. Among these molding methods, injection molding is often applied for thermoplastics
because it enables near-net-shape molding and because it is excellent for mass produc-
tion [2,4]. Depending on the required shape of the molded product, extrusion [5] or blow
molding [6] may be applied, and depending on the required properties, a polymer blend
may be prepared by melt mixing and then melt-molded into a product [7–17]. Examples of
polymer blends include polypropylene (PP)/polystyrene (PS) blends [7–9], polyethylene
terephthalate (PET)/polyethylene [10], and PET/PP blends [11], high-impact polystyrene
(PS-HI) blends [12,13] blended with elastomers to improve the toughness of polystyrene,
and polycarbonate (PC)/acrylonitrile-butadiene-styrene (ABS) copolymers, which offer a
wide range of controllable processing and mechanical properties [14–17]. Polymer blend
is a generic term for materials that are composites of two or more polymers. Polymer
blends are prepared to achieve physical properties that cannot be achieved with single poly-
mers. However, it is known that most blends thermodynamically form a phase-separated
structure, and this is one of the reasons why it is difficult to obtain the desired physical
properties [18]. This is also true for mechanical properties, and, in particular, the mechanical
anisotropy of a molded product is strongly dependent on the phase-separated structure
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that is formed. Therefore, it is very important to quantify the anisotropy when discussing
the mechanical properties of molded polymer blends. As for PP/PS, which is the subject of
this study, the relationship between its phase structure and mechanical properties has been
reported, but descriptions of its mechanical anisotropy could not be found in the authors’
investigation [7–9].

Various studies have been conducted to examine the correlation between the phase
structure and mechanical anisotropy of polymer blends. For instance, Li et al. performed
thin-wall injection molding of a polymer blend of polypropylene (PP) and thermoplastic
rubber, and cut specimens from the resulting molded product in the direction parallel
(MD) and perpendicular (TD) to the flow direction for tensile testing [19]. They found that
elongation at the break of specimens cut in the TD direction was about twice as large as that
of specimens cut in the MD direction. The reasons for their finding are discussed in terms
of the morphology of the dispersed phase. A correlation between elongation at the break
of the polymer blend and the morphology of the dispersed phase has been reported [20].
That study reported that the phase structure of a 20 wt.% blend of PP with PS varies with
the melt viscosity of PP and that it can be organized by the viscosity ratio of PS to PP.

Such reports discuss the mechanical properties and the anisotropy of the morphology
of the dispersed phase which is formed via injection molding. Nevertheless, quantitative
analysis of morphology effects of the dispersed phase on the mechanical properties of
polymer blends is difficult, as is clarification of the factors contributing to these effects. For
some areas, conventional evaluation methods are inadequate for analyzing the mechanical
anisotropy which occurs in polymer blend molded products.

The evaluation of mechanical anisotropy of polymer molded products is mainly
performed via the cutout method [19]. The cutout method evaluates mechanical anisotropy
by performing mechanical tests on specimens cut in a specific direction and comparing the
results between the cutout directions. This method is effective for evaluating the mechanical
anisotropy of two-dimensional flat surfaces such as films, but is not suitable for evaluating
the mechanical anisotropy of three-dimensional objects such as injection-molded products.
Residual stresses in the molded product may relax when the injection-molded product
is machined, leaving the possibility that the cut-out method may not correctly evaluate
the mechanical anisotropy of the molded product [21]. Another method for evaluating
mechanical anisotropy is indentation hardness testing [22], with results based on the ratio
of indentation lengths obtained from testing. This simple method requires no preparation
of specimens, as is necessary for the cut-out method.

Although the reports explained above present methods for quantitatively evaluating
mechanical anisotropy, they cannot be characterized as methods for quantitatively analyz-
ing the correlation between a polymer blend’s phase structure and its mechanical properties.
Moreover, they do not clarify the factors causing such anisotropy. As demonstrated by the
discussion presented above, no study has provided evidence clarifying the mechanisms of
mechanical anisotropy in polymer blend injection-molded products.

Against this background, the authors have proposed a method for evaluating the
mechanical anisotropy of polymer injection-molded parts in three dimensions by applying
the method for evaluating the interfacial shear strength via a short-beam shear test proposed
by Quan et al. [23,24]. Using this method, the stress concentration factor derived from the
phase structure of the molded product can be quantified in the triaxial direction. In addition,
since this method generates only shear stress, the yield condition can be limited to shear
yield. When mechanical evaluation is performed via the tensile testing of polymer blend
molded products, the two yield conditions are interface delamination and shear yield, and
it is difficult to identify the factor of stress at yield initiation, but when combined with the
results of short-beam shear testing, the yield condition due to tensile loading of the polymer
blend can be identified. Based on the discussion presented above, the primary objective of
this study of polymer blend injection-molded parts is using short-beam shear testing for
the evaluation of mechanical anisotropy as a stress concentration factor, and clarifying the
correlation between the obtained values and the phase structure. Furthermore, because
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only shear yielding occurs in short-beam shear testing, the yielding conditions attributable
to uniaxial tensile loading were identified by comparing the results with those obtained
from three-point bending testing. Because multiple phase structures were obtained in this
study, the stress at shear yield initiation obtained for each phase structure was also modeled
to clarify the correlation between the phase structure and the stress at yield initiation.

2. Materials and Methods
2.1. Materials

Table 1 presents the materials used for this study. The table also shows the melt flow
rate (MFR), an index of melt viscosity. Two types of polypropylene were used: homo-type
polypropylene (H-PP) and block-type polypropylene (B-PP). The block-type PP used in this
paper is a propylene-ethylene block copolymer containing 16 wt.% ethylene-propylene rub-
ber with an average molecular weight of 450,000 g/mol [25]. Styrene–ethylene–butadiene–
styrene (SEBS) copolymers of two types were used to control the phase structure: SEBS
with a low styrene ratio was designated as L-SEBS, and SEBS with a high styrene ratio was
designated as H-SEBS.

Table 1. Material information.

Material Code Manufacturer Name MFR
(g/10 min)

PP
H-PP Japan Polypropylene Corp.,

Tokyo, Japan Novatec-PP MA1B 21@230 ◦C, 2.160 kgf

B-PP Japan Polypropylene Corp.,
Tokyo, Japan Novatec-PP BC03B 30@230 ◦C, 2.160 kgf

PS PS Toyo Styrene Co., Ltd.,
Tokyo, Japan Toyo styrene G210C 10@230 ◦C, 2.160 kgf

SEBS
L-SEBS Asahi Kasei Corp.,

Tokyo, Japan Tuftec H1052 13@230 ◦C, 2.160 kgf

H-SEBS Asahi Kasei Corp.,
Tokyo, Japan Tuftec H1043 2@230 ◦C, 2.160 kgf

2.2. Sample Preparation

After these materials were poured into a twin-screw extruder (IMC-00 type, L/D = 25;
Imoto Machinery Co., Ltd., Kyoto, Japan) with a screw diameter of 15 mm, they were
melt-kneaded. Table 2 presents the studied compositions. SEBS was added at the ratio
shown in that table to promote a fine dispersion of the dispersed phase. For this study,
the melt-kneading temperature was set as 230 ◦C. The screw speed was fixed as 60 rpm.
The resulting strands were cut into granular pieces using a pelletizer; they were used as
pellets. The resulting pellets were filled into an ultra-compact electric injection molding
machine (C. Mobile 0813; Shinko Sellbic Co., Ltd., Tokyo, Japan) and were injection molded
to obtain strip-shaped molded products with the dimensions presented in Figure 1. Table 3
shows the injection molding conditions. The molding adopted the same geometry as in the
literature [24]. All temperatures and times for injection molding were fixed. The holding
pressure was varied to provide a good molded product.
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Table 2. Material compositions.

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

100.0
77.0 23.0
69.2 25.2 4.0 1.6
33.3 66.7
31.4 63.4 1.7 3.5

100.0
100.0
77.0 23.0
69.2 25.2 4.0 1.6
33.3 66.7
31.4 63.4 1.7 3.5

100.0
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Table 3. Injection molding conditions.

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

Tinj
(◦C)

Tmold
(◦C)

V inj
(mm/s)

Phold
(MPa)

Tinj
(s)

Tcool
(s)

100 230 50 30 46 10 15
77.0 23.0 230 50 30 46 10 15
69.2 25.2 4.0 1.6 230 50 30 49 10 15
33.3 66.7 230 50 30 56 10 15
31.4 63.4 1.7 3.5 230 50 30 56 10 15

100.0 230 50 30 46 10 15
100.0 225 50 30 46 10 15
77.0 23.0 230 50 30 46 10 15
69.2 25.2 4.0 1.6 230 50 30 49 10 15
33.3 66.7 230 50 30 56 10 15
31.4 63.4 1.7 3.5 230 50 30 56 10 15

100.0 230 50 30 46 10 15

2.3. Mechanical Anisotropy Determination via Short-Beam Shear Testing [24]

Short-beam shear tests were conducted on a compact universal mechanical testing
machine (MCT-2150; A&D Co., Ltd., Tokyo, Japan) using strips of molded products ob-
tained via injection molding. The distance between spans was 10 mm. The loading speed
was 10 mm/min. The obtained load–deflection curve is differentiated by the deflection to
obtain the stiffness. The average shear stress τ was obtained from the load at each time
point based on Equation (1).

τ =
3P
4A

(1)

where P represents the load; and A stands for the cross-sectional area of the specimen. The
stiffness-averaged shear stress curve was finally obtained using the calculations shown
above. An example of a stiffness-averaged shear stress curve obtained from this test
is presented in Figure 2. All of the materials examined for this study exhibited curves
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similar to this example. They show a rapid increase in stiffness at the beginning of loading
followed by a discontinuous decrease. Subsequently, the stiffness becomes stable, but
upon closer inspection, several points are apparent at which the stiffness decreases. As
described in this paper, shear yielding is regarded as initiated at these points. Because shear
stress is conjugate, when only shear stress occurs, this stress acts equally in the triaxial
direction. Therefore, there would be, at most, three points of stiffness reduction. These
points are τs, τm, and τl, starting from the lowest value, where τs signifies the shear stress
acting in the specimen thickness direction, τm in the specimen width direction, and τl
in the flow direction. Using these values, mechanical anisotropy was determined as the
minimum mechanical anisotropy As shown in Equation (2), the intermediate mechanical
anisotropy Am shown in Equation (3), and the maximum mechanical anisotropy Al shown
in Equation (4).

As = 1− τm

τl
(2)

Am = 1− τs

τm
(3)

Al = 1− τs

τl
(4)
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These variables take values from 0 to 1, with a maximum of 1. In addition, from the
definition, Al ≥ Am.

Using these values, the stress concentration factors were determined via Equations
(5)–(7) as γs, γm, and γl, from largest to smallest.

γs =
τy√
3τs

=
1√
3

√
1 +

1

(1− Am)2 +
1

(1− Al)
2 (5)

γm =
1√
3

√
1 +

1

(1− As)
2 + (1− Am)

2 (6)

γl =
1√
3

√
1 + (1− As)

2 + (1− Al)
2 (7)
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Their minimum value is 1 in the isotropic case. Their maximum value is theoretically
infinite. Furthermore, using the stress concentration factor obtained from Equation (5) and
τs, the stress at yield initiation in the MD direction was obtained using Equation (8).

σy,MD = 3γsτs (8)

The stress at yield initiation obtained here is the value obtained at shear yielding. As
described in this paper, the correlation between these stress concentration factors, the stress
at yield initiation, and the phase structure is investigated.

2.4. Morphology Observation

Sections were prepared from the injection-molded specimen using a microtome (RX-
860; Yamato Kohki Industrial Co., Ltd., Asaka, Japan). The phase structure was observed
using a phase contrast microscope (BA410EPH-1080; Shimadzu Rika Corp., Tokyo, Japan).
Compositions containing a substantial amount of PS were examined using scanning electron
microscopy (SEM, Technex Co., Ltd., Tokyo, Japan, Tiny-SEM 510) on the cut surfaces
created during section preparation to confirm the phase structure due to the difficulty
in confirming it via phase contrast observation. Figure 3 shows the locations used for
observation of the phase structure. We attempted to observe the phase structure three-
dimensionally by observing the area corresponding to the core layer of the molded product
from two angles: the MD-TD plane and the TD-ND plane. From the MD-TD plane image,
100 dispersed phases were extracted from the phase difference image. The aspect ratio was
calculated as the ratio of lengths in the MD and TD directions. We attempted to achieve the
purposes of this study by clarifying the degrees of correlation between the obtained phase
structures and aspect ratios and the stress concentration factors in each direction.
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3. Results and Discussions
3.1. Relation of Morphology and Mechanical Anisotropy of Injection-Molded PP-Rich
Polymer Blends

Figure 4 shows the phase contrast microscopy results for the PP-rich compositions;
both MD-TD and TD-ND cross sections of the PP-rich compositions show a sea-island struc-
ture [7–9], leading to the conclusion that the phase structure in the PP-rich compositions is
a sea-island structure. The addition of SEBS to this composition also resulted in a sea-island
structure; the size of the dispersed phase appeared to be smaller and the particle size
distribution narrower than that of the product without SEBS. Figure 5 portrays examples of
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stiffness-averaged shear stress curves for compositions with high PP content. The addition
of SEBS tended to shift the shear stress at the onset of the yield in each direction toward
the low stress side. Table 4 shows the shear stress at yield, mechanical illegality and stress
concentration factors in each direction obtained via short-beam shear tests for the PP-rich
compositions. This indicates that the morphology of the dispersed phase of the PP-rich
composition is almost unchanged depending on the type of PP and the presence or absence
of SEBS.
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Figure 5. Rigidity—averaged shear stress curves of PP-rich polymer blends obtained via short-
beam shear testing. (a) H-PP/PS = 77.0/23.0 vol.% and H-PP/PS/SEBS = 69.2/25.2/5.6 vol.%.
(b) B-PP/PS = 77.0/23.0 vol.% and B-PP/PS/SEBS = 69.2/25.2/5.6 vol.%.
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Table 4. Mechanical anisotropy of PP/PS polymer blends with high PP content.

(a) Mechanical Anisotropy Factor

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

τs
(MPa)

τm
(MPa)

τl
(MPa)

As
(-)

Am
(-)

Al
(-)

100 4.2 6.1 8.1 0.25 0.31 0.48
77.0 23.0 5.5 7.0 8.3 0.16 0.21 0.34
69.2 25.2 4.0 1.6 5.2 6.7 7.7 0.13 0.22 0.32

100 4.5 5.6 6.6 0.15 0.20 0.32
77.0 23.0 5.2 6.6 7.9 0.16 0.21 0.34
69.2 25.2 1.7 3.5 4.4 5.4 6.5 0.17 0.19 0.32

100.0 13.1 16.2 18.8 0.14 0.19 0.30

(b) Stress concentration factor and aspect ratio

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

γs
(-)

γm
(-)

γl
(-)

A.R.
(-)

100 1.51 1.04 0.78 -
77.0 23.0 1.28 1.00 0.85 1.2
69.2 25.2 4.0 1.6 1.27 0.99 0.86 1.3

100 1.25 1.01 0.85 -
77.0 23.0 1.28 1.01 0.84 1.3
69.2 25.2 4.0 1.6 1.25 1.02 0.85 1.2

100.0 1.24 1.00 0.86 -

3.2. Relation of Morphology and Mechanical Anisotropy of Injection-Molded PS-Rich
Polymer Blends

The phase contrast microscopy and scanning electron microscopy results of the PS-rich
composition are shown in Figures 6 and 7, respectively. For the SEBS-free variant, in the
MD-TD cross section, both phase contrast and SEM images displayed an elliptical dispersed
phase elongated towards the MD direction. The SEM image of TD-ND cross section also
presented an elliptical dispersed phase elongated towards the TD direction. From these
results, it was inferred that the dispersed phase in the PS-rich composition without SEBS is
dispersed in an elongated disk shape. Upon the addition of SEBS to PS/H-PP, the phase
contrast image exhibited a dispersed phase elongated in the MD direction, with a rod-like
structure, while the TD-ND cross section showed a sea-island pattern. Furthermore, via the
SEM image of the TD-ND cross section, it was revealed that the dispersed phase was finely
dispersed. Thus, we can conclude that the addition of SEBS to PS/H-PP resulted in a phase
morphology with a cylindrical dispersed phase with a relatively small diameter. Adding
SEBS to PS/B-PP resulted in the dispersed phase arranging into a network, as observed in
the phase contrast image of the MD-TD cross section. The TD-ND cross section’s phase
contrast image and SEM image further confirmed a sea-island structure. These findings
suggest that incorporating SEBS into PS/B-PP results in the dispersed phase forming a
two-dimensional network structure. Figure 8 presents an example of stiffness-averaged
shear stress curves for a composition with a high PS content. The addition of SEBS to
PS/H-PP tended to shift the shear stress at the onset of yield in each direction toward the
high stress side, whereas the addition of SEBS to PS/B-PP tended to shift the shear stress at
the onset of yield in each direction toward the low stress side.
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Figure 6. Phase contrast microscopic observations of the composition with high PS content.
(a) H-PP/PS = 33.3/66.7 vol.%. (b) H-PP/PS/SEBS = 31.4/63.4/5.2 vol.%. (c) B-PP/PS = 33.3/66.7 vol.%.
(d) B-PP/PS/SEBS = 31.4/63.4/5.2 vol.%.
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Figure 7. Scanning electron microscope observations of the composition with high PS content. (a) 
H-PP/PS = 33.3/66.7 vol.%. (b) H-PP/PS/SEBS = 31.4/63.4/5.2 vol.%. (c) B-PP/PS = 33.3/66.7 vol.%. (d) 
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Figure 7. Scanning electron microscope observations of the composition with high PS content.
(a) H-PP/PS = 33.3/66.7 vol.%. (b) H-PP/PS/SEBS = 31.4/63.4/5.2 vol.%. (c) B-PP/PS = 33.3/66.7 vol.%.
(d) B-PP/PS/SEBS = 31.4/63.4/5.2 vol.%.
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Figure 8. Rigidity—averaged shear stress curves of PS-rich polymer blends obtained via short-
beam shear testing. (a) H-PP/PS = 33.3/66.7 vol.% and H-PP/PS/SEBS = 31.4/63.4/5.2 vol.%.
(b) B-PP/PS = 33.3/66.7 vol.% and B-PP/PS/SEBS = 31.4/63.4/5.2 vol.%.
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Table 5 presents the shear stress at yield initiation, mechanical anisotropy factors, and
stress concentration factors in each direction obtained from short-beam shear tests for the
PS-rich compositions. The stress concentration factors of the PS-rich compositions did not
change with the type of PP when SEBS was not added; they were almost constant. When
SEBS was added to these compositions, γs and γm tended to increase, although γl tended
to decrease. This result suggests that the morphology of the dispersed phase is almost
identical in the compositions with high PS content without SEBS, but that the morphology
differs when SEBS is added.

Table 5. Mechanical anisotropy of PP/PS polymer blends with high PS content.

(a) Mechanical Anisotropy Factor

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

τs
(MPa)

τm
(MPa)

τl
(MPa)

As
(-)

Am
(-)

Al
(-)

100.0 4.5 5.6 6.6 0.15 0.20 0.32
33.3 66.7 5.2 7.6 8.9 0.15 0.32 0.42
31.4 63.4 1.7 3.5 6.4 9.3 11.9 0.22 0.31 0.46

100.0 4.5 5.6 6.6 0.15 0.20 0.32
33.3 66.7 4.8 7.0 8.0 0.13 0.31 0.40
31.4 63.4 1.7 3.5 5.6 8.2 10.5 0.22 0.32 0.47

100.0 13.1 16.2 18.8 0.14 0.19 0.30

(b) Stress concentration factor and aspect ratio

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

γs
(-)

γm
(-)

γl
(-)

A.R.
(-)

100.0 1.25 1.01 0.85 -
33.3 66.7 1.42 0.97 0.83 2.5
31.4 63.4 1.7 3.5 1.48 1.02 0.80 6.7

100.0 1.25 1.01 0.85 -
33.3 66.7 1.40 0.96 0.84 2.3
31.4 63.4 1.7 3.5 1.49 1.02 0.79 ∞

100.0 1.24 1.00 0.86 -

These results indicate that the mechanical anisotropy of PP/PS polymer blends de-
pends on the morphology of the dispersed phase and indicate that it is only slightly affected
by its size or its distribution. Based on these results, we investigated the degree of correla-
tion between the aspect ratio, which is related to the morphology of the dispersed phase,
and each stress concentration coefficient. Figure 9 shows the relation between the aspect
ratio and each stress concentration coefficient obtained from phase contrast microscopic
observations. Tables 4b and 5b show the average values of the aspect ratios. The com-
positions which form a two-dimensional network are assumed to have continuity in the
dispersed phase. The aspect ratio is assumed to be infinite, as represented by the dashed
line in that figure. The γs and γm values tend to increase, although γl tends to decrease, as
the aspect ratio increases. The γs and γl values change asymptotically toward the value of
the aspect ratio at infinity. These results indicate that the mechanical anisotropy of PP/PS
polymer blends is correlated with the aspect ratio of the dispersed phase. When comparing
particle-dispersed and fiber-dispersed composites, it has been found that the latter display
greater mechanical anisotropy. As the aspect ratio increases, these composites develop
mechanical anisotropy comparable to that of continuous fibers [26–28]. This correlation is
believed to be applicable to blends of PP and PS polymers.
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3.3. Yield Conditions for PP/PS Polymer Blends

From the obtained values of mechanical anisotropy, the yield initiation stress in the
MD direction was obtained using Equation (8). Table 6 presents the results obtained from
comparing the yield initiation stress in the MD direction with the yield initiation stress
σy,exp obtained from a three-point bending test under the same conditions as those reported
in the literature [19]. σy,exp is expressed as in Equation (9).

σy,exp =
2σf

3(1 + υ)
(9)

Table 6. Results of comparing the yield initiation stress in the MD direction with the yield initiation
stress σy,exp obtained from a three-point bending test.

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

τs
(MPa)

γs
(-)

σy,MD
(MPa)

σfy,exp
(MPa)

υ
(-)

σy,exp
(MPa)

100 4.2 1.51 19.0 28.0 0.407 19.9
77.0 23.0 5.5 1.28 21.1 25.5 0.392 18.3
69.2 25.2 4.0 1.6 5.2 1.27 19.8 23.6 0.393 16.9
33.3 66.7 5.2 1.42 22.2 31.5 0.363 23.1
31.4 63.4 1.7 3.5 6.4 1.48 28.4 38.0 0.366 27.8

100.0 4.5 1.25 16.9 24.1 0.413 17.1
77.0 23.0 5.2 1.28 20.0 22.2 0.398 15.9
69.2 25.2 4.0 1.6 4.4 1.25 16.5 19.9 0.398 14.3
33.3 66.7 4.8 1.40 20.2 28.0 0.366 20.5
31.4 63.4 1.7 3.5 5.6 1.49 25.0 32.2 0.368 23.5

100.0 13.1 1.24 48.6 65.5 0.342 48.8

In that equation, σf represents the flexural strength: ν is Poisson’s ratio. The value ν of
the polymer blend is obtained using Equation (10).

υ =
n

∑
i = 1

υiVi (10)
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In that equation, V stands for the volume content; and n denotes the number of com-
positions. The fact that σy,MD is greater than σy,exp suggests that the yielding conditions
generated by the short-beam shear test differ from those generated by the three-point bend-
ing test. Because the short-beam shear test imparts only shear stress, the only applicable
yield condition is shear yielding. By contrast, the three-point bending test imparts mainly
vertical stress, which results in expansion stress. Under these stress conditions, yielding
might occur because of debonding at the interface in addition to shear yielding. Table 7
presents the yield conditions for the compositions examined for this study. To confirm
this point, a model was constructed for this study to ascertain the yielding initiation stress
when yielding occurs under the conditions of interface debonding.

Table 7. Yield conditions for the compositions.

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

σy,MD
(MPa)

σy,exp
(MPa) YCMD

77.0 23.0 21.1 18.3 Debonding
69.2 25.2 4.0 1.6 19.8 16.9 Debonding
33.3 66.7 22.2 23.1 Shear yield
31.4 63.4 1.7 3.5 28.4 27.8 Shear yield

77.0 23.0 20.0 15.9 Debonding
69.2 25.2 4.0 1.6 16.5 14.3 Debonding
33.3 66.7 20.2 20.5 Shear yield
31.4 63.4 1.7 3.5 25.0 23.5 Shear yield

When obtaining a molded product through the melt forming process, the product
always undergoes a heating and cooling process. Therefore, thermal strain is expected to
remain inside the molded product. For polymer blends, multiple phases with different
coefficients of thermal expansion are mixed together. Therefore, thermal strain correspond-
ing to the difference is assumed to occur at the interface. This strain is expressed as εv in
Equation (11).

εv = 3

(
αmVm −

n−1

∑
j = 1

αjVj

)
∆T (11)

where α is the coefficient of linear expansion. Also, ∆T expresses the difference between
the molding process temperature and the test temperature. This strain is positive in the
direction of contraction. When the expansion strain is generated by an external force and
the strain reaches εv, the interface will delaminate. In the case of a linear elastic body, if the
necessary expansion stress at that time is σv, it can be expressed as in Equation (12).

σv = εvK (12)

In that equation, K denotes the bulk modulus. Equation (13) is used to ascertain the
bulk modulus Kp of the polymer blend.

Kp =
n

∑
i = 1

KiVi (13)

When the strain is small, the expansion stress produced by uniaxial tensile loading is
1/3 of the applied vertical stress. Therefore, the vertical stress σd required to produce an
expansion strain of εv can be expressed as shown in Equation (14).

σd =
σv

3
=

(
αmVm −

n−1

∑
j = 1

αjVj

)
∆TK (14)
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For this study, σd was obtained using the theory above. One-third of the difference
from σy,exp was obtained as σi. The values of α, ν, and K of each polymer were obtained
using the method described in the literature [29]. Table 8 presents those results and density
ρ. The volume fraction of each material was obtained using the ρ and weight ratio of
each material. Table 9 presents the obtained volume fractions and σy,exp, σv from Equation
(12), and σd from Equation (14). In other words, if yielding occurs because of interface
debonding, σy,exp is obtainable via Equation (15).

σy,exp = σd + 3σi (15)

Table 8. Physical properties of polymers.

FS
(MPa)

FM
(MPa)

α
(10−5/K)

υ
(-)

E
(MPa)

K
(MPa)

ρ
(g/cm3)

H-PP 42.1 1728 9 0.407 767 1374 0.9
B-PP 36.3 1469 10 0.412 623 1181 0.9

PS 98.2 3237 7 0.342 2100 2215 1.04
L-SEBS 1.6 40 61 0.481 4 38 0.89
H-SEBS 46 1200 11 0.367 693 868 0.97

Table 9. Interfacial interaction stress for compositions yielding caused by interfacial debonding.

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%) YCMD

σy,exp
(MPa)

K
(MPa)

σd
(MPa)

σi
(MPa)

77.0 23.0 Debonding 18.3 1567 163.8 −48.5
69.2 25.2 4.0 1.6 Debonding 16.9 1524 198.9 −60.6

77.0 23.0 Debonding 15.9 1419 164.3 −49.5
69.2 25.2 4.0 1.6 Debonding 14.3 1375 193.4 −59.7

σi denoting a simple blend of PP and PS takes a negative value. Therefore, an interac-
tion force is generated in the direction of interface separation. The addition of SEBS causes
an increase in σi, which means that the addition of SEBS generates a stronger force in the
direction of interface debonding. This increase in force is thought to have promoted the
micro-dispersion of the phase structure.

However, when comparing σy,exp and σy,MD for compositions with more PS, both val-
ues were almost identical, which indicates that the yield condition is shear yield. Although
the yield initiation stress increased with the addition of SEBS, no change occurred in the
yield condition. The reason for this lack of change is discussed by modeling the yield
initiation stress initiated by shear yielding and by comparing it with the experimentally
obtained results.

When the distributed phases are loaded in the direction of elongation, strain occurs
equally in each phase. When the yield initiation strain of either phase is reached, the yield
initiation of the entire system is regarded as occurring. In this case, the shear yield initiation
stress of the polymer blend σyp is expressed as in Equation (16).

σyp = 3
√

3

(
n

∑
i = 1

αiVi

)
∆TKp(1− 2υ)cos θ +

√
3σicos θ = σy,s +

√
3σicos θ (16)

where θ represents the shear angle. The shear yield initiation stress obtained by excluding
the σi component in Equation (16) above is presented in Table 10 as σy,s. The calculated
value of σy,s is greater than σy,MD. This difference can be attributed to σi. In this case, σi
was obtained by transforming Equation (16) into Equation (17).

σi =
σyp − σy,s√

3cos θ
(17)
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Table 10. Experimentally obtained and calculated shear yield initiation stress.

H-PP
(vol.%)

B-PP
(vol.%)

PS
(vol.%)

L-SEBS
(vol.%)

H-SEBS
(vol.%)

σy,MD
(MPa)

σy,p or σy,s
(MPa)

σi
(MPa) Structure

77.0 23.0 21.1 23.6 −48.5 Sea-island
69.2 25.2 4.0 1.6 19.8 21.0 −60.6 Sea-island

33.3 66.7 22.2 36.4 −9.5 Elongated
Disc

31.4 63.4 1.7 3.5 28.4 38.0 −7.3 Cylinder
77.0 23.0 20.0 21.4 −49.5 Sea-island
69.2 25.2 4.0 1.6 16.5 19.2 −59.7 Sea-island

33.3 66.7 20.2 34.5 −10.0 Elongated
Disc

31.4 63.4 1.7 3.5 25.0 36.1 −9.0 2D network

Table 10 also shows the value of σi obtained via Equation (17). The value of σi of
the phase structure elongated in the loading direction is smaller than that found for the
sea-island structure. The change caused by the addition of SEBS is slight. The reason for
this slight change might be that the phase structure changes with the addition of SEBS into
PS-rich compositions. Also, σi can be expressed as in Equation (18) using the interfacial
interaction force and the specific surface area at the interface.

σi = FiSi (18)

In that equation, Fi stands for the interfacial interaction force; and Si denotes the
specific surface area of the interface. Si depends on the volume content of the dispersed
phase and its morphology. For example, for the same volume fraction and the same
diameter, a 1.5:1 relation exists between the sizes of the specific surface area when dispersed
in a spherical form and when dispersed in a rod form. In other words, even though the
addition of SEBS acted in the direction of increasing Fi, the change in σi was regarded as
minute and as a result of the decrease in the specific surface area at the interface because of
the change in phase structure. These results indicate that the shear yield initiation stress of
a polymer blend with a dispersed phase elongated in the loading direction is obtainable
from the shear yield initiation stress considering the interfacial interaction force.

The shear yield initiation stress of the PP-rich compositions is also discussed. Figures 6
and 7 show that in these compositions, a sea-island structure is formed with and without
SEBS. In this structure, the interfacial interaction forces are isotropic and might cancel each
other out. Furthermore, because the dispersed phase is spherical, we inferred that the
logarithmic complex law shown in Equation (19) is valid [30].

σy,p = e{∑
n
i = 1 (Viln σyi)} (19)

The interfacial interaction forces are not considered in σyi here. The shear yield
initiation stress obtained using Equation (19) above is shown in Table 9 as σy,p. The
calculated σy,p shows good agreement with σy,MD. These results indicate that the shear
yield initiation stress of a polymer blend with a spherical dispersed phase is obtainable by
averaging the shear yield initiation stress without considering the interfacial interaction
force using the logarithmic compound law.

As described in this paper, short-beam shear tests were performed on PP/PS polymer
blends to evaluate their mechanical anisotropy with respect to yield initiation stress. The
results showed a correlation between the phase structure and the evaluated mechanical
anisotropy, suggesting that there is anisotropy in fracture toughness and other mechanical
properties related to yield initiation stress. To assess fracture toughness, an anisotropic eval-
uation of notched impact strength has been performed on 3D molded parts [31]. Additional
studies will also be conducted for injection-molded products. Anisotropy associated with
the fracture toughness of polymer blends is more pronounced than yield initiation stress.
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For industrial considerations, elucidating this mechanism is particularly important. The
mechanisms of anisotropy affecting fracture toughness will be further clarified in future
studies based on the findings presented here.

4. Conclusions

For this study, short-beam shear tests were performed on injection-molded PP/PS
polymer blends to evaluate their anisotropy with respect to the shear yield initiation stress.
The correlation between the obtained anisotropy and the phase structure inside the injection-
molded products was investigated. The correlation between the phase structure and the
shear yield initiation stress was modeled together with the yield conditions identified
via a comparison with the three-point bending test results. The relevant findings are
presented below.

• When PP is a continuous phase, the phase structure forms a sea-island structure. The
yield condition under uniaxial tensile loading was interface debonding.

• When PS is a continuous phase, the phase structure has a dispersed phase that is
elongated in the flow direction. This structure was changed by the addition of SEBS.
The yielding condition under uniaxial tensile loading was shear yielding.

• The aspect ratio of the dispersed phase was correlated with the stress concentration
factor.

• When the PP forming the sea-island structure is a continuous phase, the shear yield ini-
tiation stress is explainable by the log-complex law without considering the interfacial
interaction stress.

• When the PS forming the structure with stretched dispersed phase is a continuous
phase, the shear yield initiation stress is explainable by the shear yield initiation stress
considering the interfacial interaction force.
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Abstract: Injection molding is one of the most common and effective manufacturing processes used
to produce plastic products and impacts industries around the world. However, injection molding is
a complex process that requires careful consideration of several key control variables. These variables
and how they are utilized greatly affect the resulting polymer parts of any molding operation.
The bounds of the acceptable values of each Control Process Variable (CPV) must be analyzed
and delimited to ensure manufacturing success and produce injected molded parts efficiently and
effectively. One such method by which the key CPVs of an injection molding operation can be
delimited is through the development of a process window. Once developed, operating CPVs at
values inside the boundaries of the window or region will allow for the consistent production of parts
that comply with the desired Performance Measures (PM), promoting a stable manufacturing process.
This work proposes a novel approach to experimentally developing process windows and illustrates
the methodology with a specific molding operation. A semicrystalline material was selected as it is
more sensitive to process conditions than amorphous materials.

Keywords: injection molding; process windows; simulation; controllable process variables;
performance measures

1. Introduction

Injection molding is a manufacturing process for plastic parts, that can be found in
almost any industry, whether it be electronics, healthcare, consumer goods, or automotive.
The global plastic injection molding market is expected to reach over 266 billion dollars by
2030 [1]. The goal of Injection Molding, like any other manufacturing process, is to produce
parts or products efficiently and effectively. Several factors involved in this process can
significantly affect the resulting products. One such way to increase the performance of the
injection molding process is to construct an operating envelope in which key controllable
factors, or variables, have been delimited. With the overall goal of producing acceptable
values of the relevant performance measures of the specific injection molding process [2–6].
This operating envelope is commonly called a process window. This paper focuses on
discussing a novel approach based on experiments through which an injection molding
process window can be constructed.

The following steps were followed to develop the process window:

1. Identify and establish key Controllable Process Variables (CPV) for the process, in-
cluding material attributes, machine settings, and mold/part conditions;

2. Identify the relevant performance measures for the specific process, such as part
quality indicators and mechanical property values;

3. Develop a process window to delimit the controllable process variables such as pack-
ing time, injection speed, mold temperature, melt temperature, and packing pressure;

Polymers 2023, 15, 3207. https://doi.org/10.3390/polym15153207 https://www.mdpi.com/journal/polymers113
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4. Supplement the experimental results via simulation to illustrate conditions for which
the use of a less desirable location in the process window has to be selected. The
software utilized in this study was Moldex3D (2021R2OR 64-bit).

These steps are the basis of the methodology developed, and each of them is discussed
in detail in the following sections.

Each stage of the injection molding process critically influences the performance
measures of the final product. It was desired to identify a region where the relevant
controllable process variables within these stages have a range or envelope of operation in
which acceptable parts are produced. This is the so-called process window. This research
focused on developing a novel, industrially relevant, organized approach to define this
acceptable range or process window. This window’s exact shape and size will depend not
only on the polymer part to be molded but also on the machine and the quality of the mold
used. The specific values of the process window are also material dependent; however, the
approach presented here towards developing the process window should be applicable to
other materials. We selected semicrystalline materials as they are more sensitive to process
conditions than amorphous materials.

2. Materials and Methods

The machine used throughout this research was a Sumitomo 180-ton Injection molding
Machine (SG180M-HP, Tokyo, Japan). The cavity of the mold used in this study produced
the parts utilized for measuring mechanical properties as indicated by the American Society
for Testing Materials (ASTM). The mold material was tool steel, with several cooling lines
running throughout both halves of the mold. When ejected from the mold, a sprue and
cold runner system connect the 4 test samples utilized for mechanical testing, as shown
in Figure 1.
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Figure 1. Picture of a molded ASTM polymer part.

The 4 test samples produced include a tensile bar, two flexural bars with differing
thicknesses of 3 mm and 6 mm, and a disk with a diameter of 50 mm. These samples can
be used to conduct a variety of tests, including tensile testing, 3-point bending, and impact
testing such as the Izod or Dupont tests. The material used in this work was polypropylene,
produced by Advanced Composites. The application of this material in industry was for
automotive body panels.

The mechanical properties were measured with an INSTRON 5569 Dual Column
Table Top Load Frame. The INSTRON has a maximum speed of 500 mm/min and the
minimum speed that can be used is 0.005 mm/min. The load capacity is 50 kN [7]. A speed
of 50 mm/min was used, which is larger than the one recommended by the ASTM but is
the speed used by automotive manufacturers. A TA Q20 Differential Scanning Calorimeter
(DSC) was used to measure the crystallinity of the modified polypropylene samples [8–10].

When operating an injection molding machine, several settings must be selected to
produce parts successfully. The definition of a “successful” part depends on the desired
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performance measures for the specific molding operation and will be outlined later, before
the development of the final process windows. The settings that will be discussed here
are those that are most important to the overall process and are used as the controllable
variables of the process window to be developed. These key variables are melt temperature,
mold temperature, injection screw speed, packing pressure, packing/cooling time, clamp-
ing force, and shot size. These variables are important in any injection molding operation.
This research found it convenient and beneficial to separate these variables into tiers to help
streamline and focus the development of the process window. Table 1 presents this concept.

Table 1. Control Variable Tiers.

Primary Control Variable
Mold Temperature (Tw)
Melt Temperature (Tm)

Packing Pressure (Ppack)

Secondary Control Variable
Injection Screw Speed
Packing Time (tpack)
Cooling Time (tcool)

Tertiary Control Variable Shot Size
Clamping Force

The Primary Control Variables of mold temperature, melt temperature, and packing
pressure were deemed most important for this molding operation as they were the variables
used to construct the boundaries of the process window.

The control variables of melt and mold temperature and their effects on the resulting
part and operation closely interact with each other. The melt temperature must be high
enough to allow the material to fill the mold completely. On the other hand, the mold
temperature can be adjusted to benefit cycle time. Most likely, both variables affect the
properties of the final part. Simply put, a balance must be achieved to produce parts
effectively and efficiently. The last primary variable is packing pressure. This pressure
ensures the mold cavity is fully filled and reduces thermal shrinkage as the material cools
in the mold. It is important to note that the packing pressure values reported in this
work are not the pressure on the polymer inside the mold cavity but the pressure setting
entered into the machine, which corresponds to the hydraulic pressure. We measured the
corresponding pressure inside the cavity to relate the “real values” to the machine settings.
For example, a machine packing pressure of 2.07 MPa corresponds to a cavity pressure of
about 41.37 MPa [11]. The approximate multiplier to calculate part pressure from machine
pressure settings is twenty [11].

Due to the effects of these 3 primary variables on the overall injection molding process
and part quality, understanding their relationship is critical to delimiting a process window
to produce acceptable, defect-free parts. For the secondary control variables, that is,
injection screw speed and packing/cooling time, the values chosen can have serious
implications on the resulting polymer part and were analyzed before the primary control
variables were studied. However, after these variables were delimited, specific settings or
values were selected and kept constant throughout the process window’s development.
Lastly, the tertiary control variables are those that can affect a particular molding operation
but are easier to establish. The clamping force must be large enough to hold the two mold
halves together but not too high to damage them. The shot size was determined by the
volume of the molded part. These tertiary control variables required little analysis and
were held at the same settings for the entirety of the process window’s development.

As the focus of this research was to develop a method to establish a process window
to produce thermoplastic injection molded parts, it is necessary to understand the concept
of such a window. A process window is a region that delimits the controllable process
variables so that inside the boundaries of this region or window-like shape, acceptable
parts, that is, parts that comply with the desired performance measures, can be molded.
Operating outside of the process window will produce molded parts that are unacceptable
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due to defects such as flash, sink marks, and short shots. Examples of such defects are
shown in Figure 2 [7].
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Figure 2. Examples of defect types: short shot, flash, and sink marks.

Figure 3 visually illustrates a process window that considers the controllable process
variables of melt temperature and packing pressure. If the melt temperature is too low, the
plastic will solidify before the mold is filled, producing a short shot. On the other hand,
if the temperature is too high, plastic degradation may occur. If the packing pressure is
too low, a short shot could occur, and if the packing pressure is too high, leakage (flash)
will occur.

Polymers 2023, 15, x FOR PEER REVIEW 4 of 18 
 

 

of such a window. A process window is a region that delimits the controllable process 
variables so that inside the boundaries of this region or window-like shape, acceptable 
parts, that is, parts that comply with the desired performance measures, can be molded. 
Operating outside of the process window will produce molded parts that are unaccepta-
ble due to defects such as flash, sink marks, and short shots. Examples of such defects are 
shown in Figure 2 [7]. 

  

Figure 2. Examples of defect types: short shot, flash, and sink marks. 

Figure 3 visually illustrates a process window that considers the controllable process 
variables of melt temperature and packing pressure. If the melt temperature is too low, 
the plastic will solidify before the mold is filled, producing a short shot. On the other hand, 
if the temperature is too high, plastic degradation may occur. If the packing pressure is 
too low, a short shot could occur, and if the packing pressure is too high, leakage (flash) 
will occur. 

 
Figure 3. Example of a process window considering melt temperature and packing pressure. 

When the selected values of the controllable process variables are near the center of 
the defined window, the part quality will be less influenced by undesired variations in the 
process variables. Variations due to unforeseen conditions likely caused by the molding 
environment. Therefore, the use of a process window in injection molding promotes a 
stable and more predictable manufacturing process [12]. Although a particular process 
window will vary from one production setting to another, the method by which these 
windows can be found has the same steps and considerations. A method that can be used 
for constructing such a window will be presented throughout. 
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When the selected values of the controllable process variables are near the center of
the defined window, the part quality will be less influenced by undesired variations in the
process variables. Variations due to unforeseen conditions likely caused by the molding
environment. Therefore, the use of a process window in injection molding promotes a
stable and more predictable manufacturing process [12]. Although a particular process
window will vary from one production setting to another, the method by which these
windows can be found has the same steps and considerations. A method that can be used
for constructing such a window will be presented throughout.

3. Experimental

The first step in developing an injection molding process window was to identify,
define, and determine the base values of the controllable process variables. The manufac-
turing of polymeric parts via injection molding is a complex problem. Each Controllable
Process Variable (CPV) can have an impact on the resulting polymer part. Because of this,
it is best to simplify and determine which variables will be changed and which will remain
constant based on the goals of the process window being developed. This is the reason we
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divided them into primary, secondary, and tertiary tiers. It is best to only consider settings
critical to the specific molding operation, as too many variables will greatly complicate the
development method. We will discuss what CPVs were identified, how their values were
found, and if they were kept as constants or varied as part of the process window.

Several values or ranges of the CPV were defined based on known information about
the specific molding material, mold, and injection molding machine, as these factors will
not change throughout the development process. Table 2 provides the reference for each of
these variables and lists their selected ranges or values.

Table 2. Known Variables and Their Origin.

Variable Origin Value/Setting

Mold Temperature (Tw ) Material Supplier 80–120 ◦F (26.7–48.9 ◦C)

Melt Temperature (Tm ) Material Supplier/Molder
Experience 355–410 ◦F (179.4–210 ◦C)

Shot Size Part Volume 2.10 in (53.34 mm)
Clamping Force Molder Experience 120 Ton (1067.6 kN)

Other variables can also be delimited, but it took more analysis to properly determine
their values with respect to the specific operation. These variables are listed in Table 3 and
will be defined and discussed in more detail.

Table 3. Variables Needing Further Analysis.

Variable

Mold Closed Time
Injection Screw Speed

Preliminary Packing Pressure (Ppack)
Packing (tpack) and Cooling (tcool) Time

The CPVs of mold closed time, injection screw speed, preliminary packing pressure,
and packing/cooling time required further analysis to determine their respective values.
These variables will likely have the most variation from one injection molding operation
to another. Therefore, to determine the best settings for these variables, a specific analysis
was conducted to isolate the influence of each variable and determine its value regarding
the unique molding operation. The values found by this analysis will be different from
one operation to another; however, the methods by which they were found will be similar.
Although most of these values were later treated as constants in the development of the
process window, to find their best values, they were each treated as independent variables
during their specific analysis step. A discussion on how each of these variables was defined
and the method used to determine their values is presented.

Table 4 presents the various settings that each of the CPVs were set to during this
analysis stage [7].

Table 4. CPV Settings for Injection Screw Speed Trials.

CPV Value

Mold Temperature (Tw ) 80 ◦F (26.7 ◦C)
Melt Temperature (Tm ) 380 ◦F (193.3 ◦C)

Packing Pressure
(

Ppack ) 10–750 psi (0.07–5.2 MPa)
Injection Screw Speed 0.2–10 in/s (5.1–254 mm/s)
Packing Time

(
tpack ) 0–52 s

Cooling Time (tcool ) 0–52 s
Shot Size 2.10 in (53.34 mm)

Clamping Force 120 Ton (1067.6 kN)
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The first analysis conducted was to delimit the value needed for mold closure time,
that is the time needed for the part to become solid enough so that it can be demolded
without any blemishes. The approach we recommend and that is used in our group [2,7] is
to start by calculating the conduction time (tCT), that is:

tCT =
h2

α
(1)

where: h =
partthickness

2 ,α = ThermalDiffusity.
Part thickness is the largest thickness of the polymer part to be molded. This time is a

naturally occurring time when making the heat conduction equation dimensionless and
represents the time needed for the temperature in the center of the part to be such that its
value minus the mold temperature becomes 10% of the maximum temperature difference
(melt temperature minus mold temperature) if one assumes one-directional heat transfer
and constant mold wall temperature. We suggest and have used it both in our lab and in
our interactions with industry as an initial value, in general, a conservative number that
can be decreased using experiments. For this case, we kept the calculated value as the mold
closed time. This value will later be subdivided between packing time and cooling time.
Once the packing pressure does not affect the part quality, the part is kept in the mold
without packing pressure. That way, the screw can start retracting for the next cycle, and
the mold stresses are minimized.

The injection screw speed of an injection molding machine is the speed at which the
screw or plunger moves during the injection stage. Correctly determining the value of this
setting is important, as injecting too fast will cause flash, but injecting too slowly will cause
the melt front to solidify before the part is completely filled, also known as a short shot.
The goal of this analysis was to find a maximum injection speed before flashing occurs to
reduce the total cycle time but also produce an acceptable part. This concept is represented
and discussed below (Figure 4).
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Again, the goal of these experiments was to find the injection screw speed just on
the boundary before flashing occurs. With regards to this research, it was unnecessary to
explore the right-hand side of the spectrum, as injecting the material slowly into the mold
has no real benefit and would slow cycle times. However, slower injection times may, in
some cases, produce better results, such as surface finish, and therefore should be explored
if applicable [13].

Several runs were conducted to establish the proper setting for injection screw speed.
To focus on the injection of the material and the screw speed, values associated with
packing were minimized by selecting a very low packing pressure of 10 psi (0.07 MPa) and
allocating zero seconds of the calculated conduction time to packing (the entire 52 s was set
to cooling). Our group has found that using a cushion position that is ten percent of the
total shot size (0.210 inches (53.34 mm)) is good practice. Using the settings above, molded
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parts were produced and visually analyzed. Screw speeds ranging from 0.2 in/s to 10 in/s
(5.1–254 mm/s) were tested as shown in Table 4.

After the completion of these trials, a visual inspection [7] of the parts was conducted
to determine the best value for this setting. It was found that at a speed less than or equal to
2.0 in/s (50.8 mm/s), the mold would be filled without flash. The setting of injection screw
speed was thus established at this constant value during the process window development
trials and considered a secondary control variable.

Although packing pressure will be used as a primary CPV during the development
of the process window itself, it was necessary to find a “preliminary” setting for this
CPV to select values for the other settings. The procedure to delimit this initial packing
pressure was to run injection molding trials and vary the packing pressure. By doing so, a
preliminary process window related to packing pressure was found in which acceptable
maximum (Pmax) and minimum (Pmin) packing pressures were established. Pressure outside
this window would either cause the polymer part to flash or produce a short shot [7]. From
this process window, an average of Pmin and Pmax was calculated. This Pavg was the value
used as the preliminary packing pressure in the remaining analysis trials. The experiments
and analysis conducted to preliminarily delimit the packing pressure are as follows:

To delimit and isolate the packing pressure, several of the other molding variables
were set to specific values. For example, the melt temperature was set to the middle value of
the range provided by the material supplier. With regard to time, the overall mold closing
time was kept equal to the calculated conduction time of 52 s. At this stage, this entire
length of time was allocated to packing time (tpack), and the cooling time (tcool) was set to
zero, again shown in Table 4. During this analysis, samples were produced with packing
pressures ranging from 100 psi to 750 psi (0.69–5.17 MPa). Each polymer part produced was
then analyzed to find defects and determine the Pmax and Pmin of the preliminary packing
pressure window. To find this range, a combination of visual inspection and measurements
was utilized.

To determine the minimum boundary, both visual inspection for defects and the
measurement of the surfacing profile of the molded parts using a profilometer were utilized.
The results of these measurements are shown in Figure 5.
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Figure 5. Average vertical distance versus packing pressure measured by a profilometer.

As can be seen from Figure 5, as packing pressure increased, the vertical distance
from the highest outside edge of the measured piece to the lowest middle point became
stable. From these measurements, it can be seen that 1.7 MPa is the initial packing pressure
value where the surface profile began to level out, indicating the part was completely filled.
Additionally, visually inspecting the molded parts found that all corners and end pieces
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were completely filled, and no sink marks were seen, beginning at this value. Therefore, a
minimum packing pressure of 1.7 MPa was determined.

To determine the maximum limit for the preliminary packing pressure, several other
measurements were utilized. One such measurement was the total part weight. These
results are shown in Figure 6.

Polymers 2023, 15, x FOR PEER REVIEW 8 of 18 
 

 

 
Figure 5. Average vertical distance versus packing pressure measured by a profilometer. 

As can be seen from Figure 5, as packing pressure increased, the vertical distance 
from the highest outside edge of the measured piece to the lowest middle point became 
stable. From these measurements, it can be seen that 1.7 MPa is the initial packing pressure 
value where the surface profile began to level out, indicating the part was completely 
filled. Additionally, visually inspecting the molded parts found that all corners and end 
pieces were completely filled, and no sink marks were seen, beginning at this value. There-
fore, a minimum packing pressure of 1.7 MPa was determined. 

To determine the maximum limit for the preliminary packing pressure, several other 
measurements were utilized. One such measurement was the total part weight. These re-
sults are shown in Figure 6. 

 
Figure 6. Average molded part weight versus packing pressure. 

Looking at Figure 6, which displays the total weights of the mold parts in grams, it 
can be seen that from about 2.76 to 3.79 MPa, there was an increasing trend in the weights 
of the molded parts. This was taken as an indication that the flash being seen was becom-
ing more significant and therefore unacceptable, as indicated in Figure 2. It was also ob-
served that as the packing pressure increased, the final cushion position of the injection 
screw significantly changed. At around 2.76 MPa, a large drop-off from the machine 

0

2

4

6

8

10

12

14

0.5 1.5 2.5 3.5 4.5 5.5

A
vg

. V
er

tic
al

 D
ist

an
ce

 (µ
m

)

Packing Pressure (MPa)

43.5

44

44.5

45

45.5

46

0 1 2 3 4 5 6

A
vg

. P
ar

t W
ei

gh
t (

gr
am

s)

Packing Pressure (MPa)

Figure 6. Average molded part weight versus packing pressure.

Looking at Figure 6, which displays the total weights of the mold parts in grams, it can
be seen that from about 2.76 to 3.79 MPa, there was an increasing trend in the weights of
the molded parts. This was taken as an indication that the flash being seen was becoming
more significant and therefore unacceptable, as indicated in Figure 2. It was also observed
that as the packing pressure increased, the final cushion position of the injection screw
significantly changed. At around 2.76 MPa, a large drop-off from the machine setting of
0.210 inches (5.33 mm) was seen. This indicated that the screw was going well past its
desired final position and pushing extra material into the mold, causing significant flash
when higher packing pressures were introduced. Combining these results with visual
inspection, a maximum value of 3.1 MPa was determined.

From the above analysis, the resulting process window shown in Figure 7 was developed.
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From these findings, an average packing pressure of 2.4 MPa was calculated. This
Pavg was used in the additional trials to determine the values of the remaining non-primary
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controllable variables. Once these values were established, packing pressure was treated as
a primary controllable process variable during the development of the final process window.

The calculated conduction time of 52 s is subdivided into packing time and cooling
time. Determining the ratio between these two periods was important because, after the
point when the packing pressure has no effect, it is desirable to switch from packing to just
cooling so the screw can start retracting, as well as to avoid unnecessary stresses on the
mold. The process undertaken to delimit this ratio, its justification, and the resulting times
are discussed below.

First, a range of ratios between tpack and tcool was selected with respect to the total
conduction time. At each of these ratios and the settings shown in Table 4, injection molded
samples were collected, inspected, and measured.

Utilizing both the measurement of part weight and surface profile via profilometer [7],
it was found that the packing-to-cooling time ratio must be greater than 20 to 80, or
10.4 s and 41.6 s, respectively. To support the results from part weight and shrinkage
measurements [7], tensile testing of the parts was conducted. For each of the six-time ratios,
tensile testing was completed. These results are presented in Table 5.

Table 5. Tensile Test Mechanical Property Results (Average of 5 Samples Each).

tpack/tcool (%)
Tensile Stress
at Maximum
Load [MPa]

Tensile Strain
(Displacement)
at Yield (Zero

Slope) [%]

Tensile Stress
at Yield (Offset

0.2%) [MPa]

Tensile Stress
at Break

(Standard)
[MPa]

Tensile Strain
(Displacement)

at Break
(Standard) [%]

Modulus
Young [MPa]

100/0 19.279 12.122 8.843 14.271 145.491 909.661
80/20 19.353 11.950 8.510 14.864 254.9 992.231
60/40 19.367 11.447 8.443 13.596 118.440 1013.861
40/60 19.311 12.040 8.891 15.230 299.206 914.458
20/80 19.515 10.776 8.397 13.621 128.562 1019.808
0/100 18.169 7.246 8.831 15.54 38.87 941.908

With a combination of part weights, surface profiles, and tensile tests, the ratios were
delimited. As stated, the results of the weights and profilometer indicated that the use
of ratios less than 20:80 was not desirable [7], and this is supported by the tensile test
results. The ratio of one hundred percent packing time and zero percent cooling is also not
acceptable, as it did not allow the screw to start retracting early enough to prepare material
for the next cycle, thus slowing production. Additionally, by completing a conduction
time analysis on the part’s cylindrical sprue, it was found that packing for more than
approximately 45 s would not be beneficial as a large percent of the sprue cross-section, or
entry into the mold, will have already solidified.

Combining all the experimental evidence, it was determined that the best packing
time to cooling time ratio was 40 to 60 percent, respectively, as shown in Table 6. This
conclusion was reached based on several factors. Firstly, the samples produced under this
ratio visually appeared to be the best. The weight and profilometer measurements also
supported this ratio, as the samples were shown to be completely filled. Additionally, this
ratio produced the best mechanical properties, with the highest tensile stress at yield and
break, along with increased ductility (tensile strain at break).

Table 6. Established Packing and Cooling Time Ratio.

tpack (%) tcool (%) tpack (%) tcool (%)

40 60 20.8 31.2

These secondary settings would remain constant throughout the development of the
process window discussed in the remaining sections.
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4. Results and Discussion

With the secondary and tertiary process variables established, we proceeded to develop
the process window. As previously stated, mold temperature, melt temperature, and
packing pressure were the primary CPVs that defined the boundaries of the process window.
Table 7 summarizes all the controllable variables and their values as found previously.

Table 7. Key Molding Variables and Determined Values.

Control Variable Tiers Variable Setting

Primary Control Variable
Mold Temperature Controllable Process Variable (CPV)
Melt Temperature CPV
Packing Pressure CPV

Secondary Control Variable

Injection Screw Speed 2.0 in/s (50.8 mm/s)
Conduction Time 52 s

Packing Time 20.8 s
Cooling Time 31.2 s

Tertiary Control Variable Shot Size 2.10 in (53.34 mm)
Clamp Force 120 Ton (1067.6 kN)

As the primary CPV defined the boundaries of the process window, their effect on
the performance measures was evaluated next. A full factorial for both temperatures at
three levels was conducted. Ten samples at each setting were collected. The values of the
melt temperature used are 179.4, 193.3, and 210 ◦C. The values for the mold temperatures
are 26.7, 37.8, and 48.9 ◦C. Packing pressure was varied at each temperature combination
until a minimum and maximum value were found for each. Nine unique temperature
combinations were tested, all with various levels of packing pressure. To thoroughly
construct the process window, a total of more than 750 parts were modeled and analyzed.
The first window that was developed was based on visual inspection.

Quality standards [7] were established in order to define what constitutes an acceptable
part. These standards will likely vary on a case-by-case basis, but they must be defined
to keep the process repeatable and measurable. In the case of this research, visual quality
standards were developed to focus on key areas or zones of the part being produced.
Figure 8 highlights these areas.
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Within each of the respective locations of the polymer part, a visual inspection for
defects was conducted, looking for such things as flash and sink marks. As depicted in
Figure 8, zones 2, 3, and 4 were inspected for complete fill and a lack of shrinkage in corners
and edges. Additionally, zones 1 and 3 were inspected for significant flashing. With these
quality standards defined, they were used to analyze parts produced at various packing
pressures and temperatures. If the quality standards defined were not met by particular
molded samples, then the associated molding condition was deemed unacceptable. From
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this analysis, the boundaries, or minimum and maximum acceptable packing pressure,
for each of the nine temperature combinations were found, therefore producing a visual
process window.

The resulting visual process window was developed by utilizing the defined quality
standards and inspecting the molded parts produced [7]. Based on the standards, a
minimum and maximum packing pressure value for each temperature combination—mold
temperature and melt temperature—were found. The visual process window was produced
by overlaying these ranges onto a single plot. Figure 9 represents the visual process window
of this particular molding process.
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Figure 9. Visual process window.

Several features of this resulting process window must be discussed, along with a
justification of the resulting window based on fundamental principles. Firstly, it may be
noted that only seven temperature combinations were included within the developed
window when nine such combinations were molded. This occurred because no parts
produced above the mold and melt temperature settings of 48.9 ◦F and 179.4 ◦C were found
to be acceptable based on the quality standards. Because these molded parts were found to
be visually defective, they were also filtered out or eliminated from the later mechanical
property analysis.

In terms of fundamentals, the resulting visual processing window was justified. The
steady decrease in acceptable maximum packing pressure (the upper bounds of the win-
dow) was supported by the fact that as the temperature increased, the thermoplastic
material became less viscous and therefore increased potential leakage, causing the defect
of flashing. This was observed on molded parts above the maximum boundary. The accept-
able minimum packing pressure was affected by the increasing temperature as well. The
increased temperature also caused increased shrinkage as the part cooled in the mold. This
explains the increase in the minimum packing pressure values once mold temperatures
were at or above 37.8 ◦C. Parts below the designated minimum were observed to have sink
marks or were short in filling.

From the trend seen in the process window, it can be noted that mold temperature
appears to have a greater effect on the developed window and part acceptability. The
packing pressure range for each temperature combination was greatly reduced as mold
temperatures increased. This relationship is most likely material and part dependent.

The left side, the side with a lower mold temperature, is more robust; that is, it would
allow for more uncontrollable variations in your molding environment and still enable the
production of acceptable parts. Additionally, because the mold temperature is low, the
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molded part cools faster and can be ejected sooner, promoting a shorter cycle time. For this
particular molding operation, the right side of the visual process window is less desirable
and may only be used as a boundary of limitation. However, depending on the complexity
of the part, the right side or higher mold and melt temperatures may be necessary, as
illustrated with an example later.

The process window, based on visual inspection, is a great tool to delimit the relevant
CPV, and select the most robust region of the CPV domain. However, it was believed that
the visual inspection used to construct the injection molding process window was only
part of the whole development process, and more analysis was needed to promote and
produce a more robust solution. This is particularly true for semicrystalline materials and
less important for amorphous materials [8].

Since our material is semicrystalline, to develop a more robust process window,
analysis of the mechanical properties of the parts produced within the visual process
window was necessary. Although the visual process window developed indicates to
a molder how to operate their machine in order to produce visually acceptable parts,
it does not include the effect on the mechanical properties of the polymer part. The
approach in industry is to define acceptable parts based on visual inspection; mechanical
properties are rarely considered for specific parts after they are molded [14]. This could
lead to unacceptable parts, in particular for semicrystalline materials [8]. This research
aimed to further the analysis beyond just the visual process window and develop a more
refined process window that took mechanical properties into consideration. Mechanical
properties, in particular ductility, may be affected by process conditions for semicrystalline
materials [8].

The desired mechanical properties of a particular injection molded part will vary
from one product to another. In the case of this analysis, experiments were conducted to
determine the tensile properties of the samples produced. With the visual process window
already defined, the molding conditions and the number of samples for the tensile test were
decreased, as polymer parts deemed visually unacceptable were not tested mechanically.
The two properties that will be discussed to generate a more refined process window are
tensile strain at yield and tensile strain at break, or ductility. The results of these two
properties are presented and discussed below (Tables 8 and 9).

Table 8. Tensile Strain (Displacement) at Yield (%).

Tw(◦C) 26.7 37.8 48.9

Tm (◦C) 179.4 193.3 210 179.4 193.3 210 179.4 193.3 210

Pa
ck

in
g

Pr
es

su
re

(M
Pa

)

1.38 12.691 11.897 11.897 12.000 11.420 10.722 12.125 11.679
1.72 13.323 11.917 11.917 12.444 11.934 11.234 12.680 11.726
2.07 13.365 12.183 12.183 13.012 12.719 11.578 13.122
2.41 14.201 12.425 12.425 13.838 12.971 11.716
2.76 14.944 12.848 12.848 14.223 12.948 12.225
3.10 15.466 13.234 13.234 14.758 13.388
3.45 15.018 13.324 13.324 15.005
3.79 15.849 13.005 13.005
4.14 16.617 13.284

Looking at the tensile strain at yield results, the effects the CPV has on this property
become clear, as higher values indicate that the parts deformed to a greater degree before
yielding or the start of plastic/permanent deformation. In terms of packing pressure, the
samples produced with increasing pressure result in higher tensile strain in all combinations
of mold and melt temperatures. Additionally, with regards to temperature, lower melt
temperatures produce samples with increased tensile strain. In all three cases of different
mold temperatures, the lower range of the melt temperature (179.4 ◦C) produces the
highest strain values. Lastly, it was observed that overall, the mold temperature of 26.7 ◦C
produced higher tensile strain results. In conclusion, these results indicated that the
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mechanical property of tensile strain at yield benefited from higher packing pressure and
lower mold and melt temperatures, as it takes longer or more deformation to cause parts
molded at these conditions to yield.

Table 9 presents the results of the tensile strain at break or the ductility of the various
samples that were tested mechanically. These results provide similar conclusions to those
found for the tensile strain at yield. Higher ductility is achieved by samples that were both
molded at higher packing pressures and at lower mold and melt temperature combinations.
With high ductility, parts molded under these conditions will deform but not break or
fail easily.

Table 9. Tensile strain (Displacement) at Break (%).

Tw (◦C) 26.7 37.8 48.9

Tm (◦C) 179.4 193.3 210 179.4 193.3 210 179.4 193.3 210

Pa
ck

in
g

Pr
es

su
re

(M
Pa

)

1.38 118.557 180.703 165.851 150.313 148.742 188.623 146.582 175.032
1.72 134.699 182.579 141.534 177.650 155.772 151.928 160.629 158.783
2.07 136.120 181.355 151.462 140.261 155.257 149.869 135.287
2.41 125.384 247.614 262.226 145.024 187.168 145.354
2.76 299.574 371.187 271.889 158.577 234.021 210.268
3.10 320.251 340.745 370.961 198.609 316.248
3.45 344.143 373.189 371.243 237.441
3.79 371.349 336.061 400.026
4.14 325.522 377.526

The analysis of tensile strain at yield and at break indicates that the percent crystallinity
of the samples at lower temperatures is most likely lower, and thus they are more ductile.
This has been corroborated by Differential Scanning Calorimetry (DSC) [8–10]. These
results justify the conclusion that further analysis of the mechanical proprieties benefits
the creation of a more refined injection molding process window. The findings discussed
indicated that improvements could be made to the visual process window originally found
to produce a window that promotes both visual and mechanical success. This may not be
the case for amorphous materials [8,9].

Recall that it was found that using lower mold and melt temperatures produced better
tensile strain properties. Combining both the findings of the visual inspection process
window and the tensile strain testing (mechanical properties), a final refined process
window was produced.

This process window shown in Figure 10 suggests operating at a mold temperature of
26.7 ◦C and a melt temperature of 179.4 ◦C to 210 ◦C. Additionally, packing pressure should
be set between 2.41 and 4.14 MPa, depending on the temperature. This process window will
promote a more stable and predictable injection molding operation by reducing the impact
of undesirable variation in the molding environment and also improving the resulting
parts’ visual and mechanical properties.

For complicated parts, in particular parts with thin sections, it may be necessary
to mold at higher temperatures in order to completely fill the part or to use the least
desirable region of the process window. We illustrated this with a simple example, where
we analyzed the filling of a flat plate with increasing length using a fan gate, as shown
schematically in Figure 11. The Computer Aided Engineering (CAE) software used in this
case is Moldex3D.

The specifics of this example were to construct a flat plate of a certain length. Then we
ran a filling stage analysis using Moldex3D to determine if the temperature allowed the flat
plate to successfully fill. If the plaque was successfully filled, a new plaque of longer length
was then analyzed. If the temperatures used did not allow the mold to fill completely, then
the temperature values were increased. This process was repeated for a variety of flat plate
lengths and used the mold and melt temperature ranges recommended by the material
supplier and used in the original visual processing window.
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With the case study defined, several simulations were completed. The results of these
runs are shown in Table 10.

Table 10. Simulated Variables and Run Results.

Plate Length (m) Tw (◦C) Tm (◦C) Tf (s)
Calculated

Tf (s)
Simulated Filled?

0.2 26.7 179.4 1.4 1.422 Y

0.3 26.7 179.4 2.1 2.148 Y

0.35
26.7 179.4 2.45 3.205 N
26.7 193.3 2.45 2.606 Y

0.375

26.7 193.3 2.625 3.479 N
26.7 210 2.625 2.764 Y
37.8 179.4 2.625 3.462 N
37.8 193.3 2.625 2.963 Y

0.4
37.8 193.3 2.8 3.881 N
37.8 210 2.8 3.132 Y
48.9 179.4 2.8 3.735 N
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As can be seen from the table, plates of shorter lengths filled successfully at lower
mold and melt temperatures. However, as the plate length increased, higher temperatures,
specifically melt temperatures, were required to fill the mold completely.

The results indicated that the temperature ranges found to be the best for promoting
visual and mechanical success during the experimental development of the process win-
dows did not allow for complete filling in certain cases of the thin plate molds. Although it
was found earlier that visual inspection and mechanical properties benefited from lower
melt and mold temperatures, the simulations show that such temperatures may need to
be increased in order to fill the mold when considering, large thin-walled parts. The right
side, or the side representing higher temperatures of the visual process window shown
in Figure 12, was better justified by this case study. We selected a flat plate for simplicity
and easier discussion; however, we could have also performed the same analysis with the
ASTM mold. Whereas before the right side of the process window was only used as a
boundary of limitation, the simulations conducted indicate that although this area of the
process window is not as robust, it may be necessary in order to produce fully filled parts.
Again, it must be stated that the shape and size of a particular process window and the
values of the key CPV will vary from one operation to another.
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Molding thermoplastic parts that are both visually appealing and mechanically sound
is desirable. However, the specific material and part dimensions of a particular operation
may limit these quality factors. The simulations conducted as a part of this case study
indicated that in order to successfully fill a thin plate, areas of the developed process
window with higher mold and melt temperatures may have to be utilized, as indicated
in Figure 12.

5. Conclusions

This research presented a method for the experimental development of an injection
molding process window. By following each stage of the injection molding process, key
controllable process variables were able to be isolated and analyzed. Using this method and
defined quality standards, a visual process window was first found. This window focused
on obtaining parts with acceptable appearance. In addition, this work proposed that
this visual process window was only part of the solution, for semicrystalline materials in
particular, and that there was a need to include mechanical testing as part of developing the
process window. Through tensile testing, a more refined process window was developed.
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This refined window allowed for parts with both an acceptable appearance and adequate
mechanical properties to be produced [8].

A special case study utilizing simulation was also presented, which helped to justify
the use of specific regions of the experimental process windows, even if they were less
robust from the visual and mechanical properties point of view.

The proposed approach can be summarized as follows. First, identify and estab-
lish key controllable process variables, including material attributes, machine settings,
and mold/part conditions. Once this initial information is collected, determine the key
performance measures and develop quality/measurement standards for the particular
operation. Next, using part and material characteristics, calculate your conduction time
(tCT). Then, by following the order of each of the stages in the injection molding process,
isolate and analyze each CPV to determine its range or value. Vary relevant controllable
process variables such as mold temperature, melt temperature, and packing pressure to
produce a large sample of molded parts. Using the produced molded parts and the defined
performance measures, develop a visual process window. Lastly, refine the process via
mechanical property analysis.

The seven steps above represent the general method used to experimentally construct
the process windows presented and discussed in this work. It is suggested that the use of
these steps will allow for the development of process windows in other injection molding
operations. Again, it is important to note that the specific values presented during this
work correspond to the particular molding process investigated (mold/part, machine,
and material). Such values will likely differ from one molding process to another. This
work is intended to present and provide a more standardized and thorough procedure
for experimentally developing injection molding process windows. The steps highlighted
above summarize the detailed research completed, and the results presented throughout
showcase the success of the method developed.

6. Future Work

Firstly, it is suggested that the experimental method for developing injection molding
process windows be tested further. Research using other materials or molding operations
will help test the robustness of the method presented. This research would also help
improve process window development strategies.

Due to the time commitment of conducting experimental research, it is also recom-
mended that further analysis of simulations be pursued. In the case of this research,
simulation is used as a supplementary tool to help better understand the experimental
results. However, simulation software has promising potential to help develop injection
molding process windows in a more direct way. In the future, with the help of the ex-
perimental results presented, strides in conducting more detailed simulation analysis to
develop injection molding process windows will be possible. Utilizing the steps developed
to construct an injection molding process window in this work as a guide, simulation can
become the main tool used in order to avoid the limitations of physical trials. Process
window development via simulation will allow us to test real parts where it is not possible
to do experimental trials, such as an automotive production line. Work is currently being
conducted in this area.
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Abstract: Due to the properties of a positive temperature coefficient (PTC) effect and a negative
temperature coefficient (NTC) effect, electrically conductive polymer composites (CPCs) have been
widely used in polymer thermistors. A dual percolated conductive microstructure was prepared
by introducing the polybutylene adipate terephthalate phase (PBAT) into graphene nanoplatelets
(GNPs)-filled polylactic acid (PLA) composites, intending to develop a favorable and stable PTC
material. To achieve this strategy, GNPs were selectively distributed in the PBAT phase by injection
molding. In this study, we investigated the crystallization behavior, electrical conductivity, and
temperature response of GNP-filled PLA/PBAT composites. The introduction of GNPs into PLA
significantly increased PLA crystallization capacity, where the crystallization onset temperature (To)
is raised from 116.7 ◦C to 134.7 ◦C, and the crystallization half-time (t1/2) decreases from 35.8 min
to 27.3 min. The addition of 5 wt% PBAT increases the electrical conductivity of PLA/PBAT/GNPs
composites by almost two orders of magnitude when compared to PLA/GNPs counterparts. The
temperature of the heat treatment is also found to play a role in affecting the electrical conductivity
of PLA-based composites. Increasing crystallinity is favorable for increasing electrical conductivity.
PLA/PBAT/GNPs composites also show a significant positive temperature coefficient, which is
reflected in the temperature–electrical resistance cycling tests.

Keywords: crystallization; electrical conductivity; temperature response behavior; positive
temperature coefficient

1. Introduction

In recent years, due to the high conductivity, lightweight properties, corrosion resis-
tance, and good processability of electrically conductive polymer composites (CPCs) [1–3],
they have been widely used in electromagnetic shielding materials (EMI) [4–6], sen-
sors [7,8], capacitors [9,10], and other fields [11–13]. Due to the non-degradable properties
of petroleum-based polymers, bio-based polymers have been extensively studied, and CPCs
prepared with degradable polymers as a matrix have become a research hotspot [14–17].
CPCs have a positive temperature coefficient (PTC) of CPCs, that is, the resistance of the
composite increases with temperature, and the negative temperature coefficient (NTC) of
CPCs, the resistance of the composite, decreases with an increase in temperature. These
two important temperature-related characteristics have great theoretical significance for
application in self-protection fuses and temperature-sensitive sensors [18–22]. However,
CPCs are usually accompanied by two effects of PTC and NTC in a certain temperature
range, which limits their application. Therefore, testing the temperature range of the PTC
and NTC effects of CPCs has an important application value [23]. Moreover, there is a
growing demand to design a CPC material possessing tunable PTC characteristics.
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Up to now, research on regulating the PTC characteristics of CPCs has been re-
ported [24–26]. It is known that the increasing temperature can induce the expansion
of the polymer matrix and break the conductive links, exhibiting the PTC effect, whereas
the re-agglomeration of the conductive additives can induce the NTC effect [27]. Most
of the research published mainly focuses on the changes in temperature region in the
vicinity of the melting point, thus, the PTC is considered an advantage to broaden the
application area. Dai et al. [24] employed a segregated and double-percolated composite
microstructure to develop a favorable NTC material by selectively distributing graphene
in a polyamide 6 (PA6) phase between isolated ultra-high molecular weight polyethylene
(UHMWPE) particles, achieving a relatively linear NTC effect through the whole heating
process. Liu et al. [25] prepared high-density polyethylene (HDPE)/carbon fiber (CF) and
isotactic polypropylene (iPP)/CF composites by melt blending, and only observed an
abnormal PTC effect in an extremely narrow temperature range. Wang et al. [26] prepared a
prototype of a multi-walled carbon nanotube (MWCNT)/epoxy resin flexible sensor, which
shows obvious PTC and NTC phenomena. Nevertheless, the aforementioned methods
were only feasible with their certain microstructure or chemical composition; importantly,
most of the research mainly focuses on the one-component polymer, which would also lead
to poor PTC reproducibility. It is still a challenge to tune the PTC efficiently.

Due to the outstanding characteristics of graphene nanoplatelets, such as a large aspect
ratio and high electrical conductivity, the temperature response behaviors of CPCs filled
with graphene attracted enormous attention in recent years. Pang et al. [27] constructed
the segregated structure by controlling the migration of GNPs to the surface of ultra-high
molecular weight polyethylene (UHMWPE), resulting in an increasing PTC intensity. Thus,
the interaction of conductive fillers plays a pivotal role in the evolution of the conductive
network in the temperature field. Although numerous research studies focused on inves-
tigating the morphology, electronic, and mechanical properties of the GNPs/polylactic
acid (PLA) composites [28–30], the temperature response behaviors of the GNPs/PLA com-
posites have rarely been studied so far. In particular, PLA as the biodegradable material
combined with conductive fillers for temperature sensors is expected to have a poten-
tial multipurpose application in bio-nanomaterials and eco-friendly functional materials
field [17,31].

In this paper, PLA/GNPs composites were prepared by an injection molding machine,
and the internal conductive network structure of PLA/GNPs composites was adjusted by
adding PBAT to form a double percolation conductive network structure inside the polymer.
In addition, we explored the change in electrical conductivity of GNPs/PLA composites
with time under different heat treatment temperatures, and the temperature-sensitive
performance of PLA/GNPs composite in the temperature range of 37~140 ◦C was studied.
At the same time, the influence of PBAT on the crystallization, electrical conductivity, and
temperature sensitivity of PLA/PBAT/GNPs composites was systematically explored.

2. Materials and Methods
2.1. Materials

Polylactic acid (PLA), brand name 4032D, produced by Nature works; polybutylene
adipate terephthalate (PBAT), brand name C1200, produced by BASF, Germany; graphene
nanoplatelets (GNPs), thickness 4~20 nm, diameter 5~10 µm, Chengdu Institute of Organic
Chemistry, Chinese Academy of Sciences.

2.2. Sample Preparation

Pure PLA pellets (100 g) were first blended with various contents of GNPs (0, 1, 2,
2.5, 3, 3.5, 4, and 4.5 wt%) and PBAT (5, 10, 20, 30, 40, and 50 wt%) using a twin-screw
extruder (SHJ-20, Nanjing Haisi Extrusion Equipment Co., Ltd., Nanjing, China). The screw
speed was 80 rpm and the temperature profile from hopper to die was from 160 to 195 ◦C.
Then, the injection molding machine (HTF90W1, Ningbo Haitian Plastic Machine Group
Co. LTD, Ningbo, China) was used to prepare standard dumbbell samples at an injection
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temperature profile of 190 to 200 ◦C from the hopper to the nozzle to simplify the name of
the composites; PLAGNPxPBy denotes the composite GNPs weight content as x and as PB
weight content as y. For example, PLAGNP3.5PB10 composite contains 3.5 wt% GNPs and
10 wt% PBAT.

2.3. Characterization
2.3.1. Scanning Electron Microscopy (SEM)

To explore the dispersion state of GNPS in PLA and PBAT/PLA, the spline was first
quenched using liquid nitrogen and then the section was observed using scanning electron
microscopy (SEM). Scanning electron microscope (SEM) model: JSM-6390LV, Rigaku,
Tokyo, Japan.

2.3.2. Differential Scanning Calorimetry (DSC)

To explore the influence of adding GNPs on the crystallinity of the composite, the sam-
ples were tested by DSC (model instrumentation: TGA/DSC1, Mettler-Toledo Instruments,
Zurich, Switzerland). First, samples weighing 5~10 mg were placed in the crucible and
were heated from 40 to 200 ◦C at 10 ◦C/min under a nitrogen atmosphere. They were then
kept at 200 ◦C for 5 min to remove thermal history. Finally, the temperature was cooled
from 200 to 40 ◦C at 3 ◦C/min.

The relative crystallinity (Xc) can be expressed by Equation (1) [32]:

Xc =
∆Hm − ∆Hcc

∆H f ωPLA
× 100% (1)

where ∆Hm is the melting enthalpy of PLA, ∆Hcc is the cold crystallization enthalpy of PLA,
and ∆H f is standard melting enthalpy of 100%, being 93 J/g; ωPLA is the mass fraction of
PLA in the composite material.

2.3.3. Conductivity Testing

The electrical conductivity of samples was tested using an isolation resistance meter
(TA2684A, Changzhou Tonghui Electronics, Changzhou, China).

The electrical conductivity (σ) for each sample was calculated [33]:

σ = L/RS (2)

where σ is the conductivity of the material, R is the volume resistance, and S is the cross-
sectional area.

2.3.4. Temperature Response Behavior Analyses

The temperature response behavior of PLA/PBAT/CNTs was investigated by self-
designed equipment using an isolation resistance meter and temperature controller (WCY-
SJ, Nanjing Sangli Electronic Equipment Factory, Nanjing, China). Based on the crystalline
temperature of PLAGNP3.5, the testing temperature was set from 25 to 100, 120 and 135 ◦C
at 3 ◦C/min. In the meantime, the resistance changes of samples were online tested, as
shown in Figure 1.
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Figure 1. The self-designed equipment schematic diagram.

3. Results and Discussion
3.1. Electrical Conductivity of CPCs

To explore the influence of GNPs and PBAT addition on the electrical conductivity of
PLA/PBAT/GNPs composites, all samples were tested as shown in Figure 2. Figure 2a
shows that when GNPs content is in the range between 0 and 2.5 wt%, there is no change
in the electrical conductivity of PLA/GNPs samples, showing the insulating behavior
(<10−8 S/m). The reason for this is that GNPs are not connected to form a conducting
path in the PLA matrix, so electron transmission depends primarily on electrons hopping
from adjacent fillers. With further increasing the GNPs content, the conductivity of the
composites gradually increases. When the GNPs content exceeds 3 wt%, the conductivity
of the samples increases rapidly from a value of 4.7 × 10−7 to 3.3 × 10−3 S/m, indicating
that the internal conducting path of the composites is starting to form. Furthermore, when
the GNPs content is greater than 4 wt%, the conductivity of the samples has no obvious
change, showing that the inner conducting network of the composite is perfect, and the
composite material is gradually converted into a conductor. This indicates that the filler
content plays a vital role in constructing a conductive network path for the conductivity of
composites. For comparison, the classical percolation theory shown in Equation (3) was
cited to predict the conductive percolation value of the composite material in which the
fitting value was 2.75 wt% [33].

σ(p) = δ(p − pc)
t (3)

where σ(p) is the conductivity of the composite material, δ is the conductivity of the filler,
p is the content of the conductive filler, pc is the percolation threshold of the composite,
and t is the critical index.

According to the above analysis, the GNPs content of 3.5 wt% was chosen to explore
the influence of PBAT content on the electric conductivity, as shown in Figure 2c. From Fig-
ure 2c, it can be seen that the curve of the PLAGNP3.5PBy shows an “n” type change trend.
When 5 wt% PBAT is added, the conductivity of the composite rises to 9.6 × 10−3 S/m,
which is two orders of magnitude higher than that of PLAGNP3.5. This is due to the low
content of PBAT playing a repulsive role in the composite material, which promotes a part
of GNPs migration from the PLA phase to the interface of PBAT and forms the conductive
paths. When the amount of PBAT added is further increased from 5 to 20 wt%, the conduc-
tivity of PLAGNP3.5PBy shows a trend of first increasing and then maintaining a plateau.
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This is due to the migration of GNPs into the PBAT phase and a small amount of PBAT is
not enough to agglomerate GNPs in a large amount. Therefore, the process of increasing
PBAT content is the process of increasing GNPs migration capacity. However, with increas-
ing PBAT content to 50 wt%, the conductivity of the composite drops to 3.04 × 10−8 S/m,
which is about three orders of magnitude lower than that of PLAGNP3.5. This is due to the
higher melting viscosity of PBAT and a large number of GNPs migrating into the PBAT
phase, resulting in the large-area agglomeration and no more conductive paths.

Polymers 2023, 15, x FOR PEER REVIEW 5 of 11 
 

 

 
Figure 2. (a) Electric conductivity of PLA/GNPs composite, (b) the fitting curves of electric conduc-
tivity, and (c) electric conductivity curve of PLA/PBAT/GNPs composite as a function of PBAT con-
tent. 

According to the above analysis, the GNPs content of 3.5 wt% was chosen to explore 
the influence of PBAT content on the electric conductivity, as shown in Figure 2c. From 
Figure 2c, it can be seen that the curve of the PLAGNP3.5PBy shows an “n” type change 
trend. When 5 wt% PBAT is added, the conductivity of the composite rises to 9.6 × 10  
S/m, which is two orders of magnitude higher than that of PLAGNP3.5. This is due to the 
low content of PBAT playing a repulsive role in the composite material, which promotes 
a part of GNPs migration from the PLA phase to the interface of PBAT and forms the 
conductive paths. When the amount of PBAT added is further increased from 5 to 20 wt%, 
the conductivity of PLAGNP3.5PBy shows a trend of first increasing and then maintaining 
a plateau. This is due to the migration of GNPs into the PBAT phase and a small amount 
of PBAT is not enough to agglomerate GNPs in a large amount. Therefore, the process of 
increasing PBAT content is the process of increasing GNPs migration capacity. However, 
with increasing PBAT content to 50 wt%, the conductivity of the composite drops to 3.04 
× 10  S/m, which is about three orders of magnitude lower than that of PLAGNP3.5. This 
is due to the higher melting viscosity of PBAT and a large number of GNPs migrating into 
the PBAT phase, resulting in the large-area agglomeration and no more conductive paths. 

3.2. The Phase Morphology Analysis of CPCs 
To better explain the effect of phase structure on the electrical conductivity of 

PLA/PBAT/GNPs composites, SEM was employed, as shown in Figure 3. As can be seen 
in Figure 3a, GNPs are distributed either flatly or vertically in the PLA matrix, and the 
surface structure of PLA is roughened, indicating that a large number of GNPs are over-
lapping on the surface of the quenched section. This phenomenon causes the PLA/GNPs 
composites to have a higher percolation threshold. With introducing PBAT into 
PLA/GNPs composites, a large number of white dots (sea-island structure) appear on the 
surface, which indicates low compatibility between PLA and PBAT. Moreover, the GNPs 

Figure 2. (a) Electric conductivity of PLA/GNPs composite, (b) the fitting curves of electric conductiv-
ity, and (c) electric conductivity curve of PLA/PBAT/GNPs composite as a function of PBAT content.

3.2. The Phase Morphology Analysis of CPCs

To better explain the effect of phase structure on the electrical conductivity of PLA/PBAT/GNPs
composites, SEM was employed, as shown in Figure 3. As can be seen in Figure 3a, GNPs
are distributed either flatly or vertically in the PLA matrix, and the surface structure of PLA
is roughened, indicating that a large number of GNPs are overlapping on the surface of the
quenched section. This phenomenon causes the PLA/GNPs composites to have a higher
percolation threshold. With introducing PBAT into PLA/GNPs composites, a large number
of white dots (sea-island structure) appear on the surface, which indicates low compatibility
between PLA and PBAT. Moreover, the GNPs can be discerned on the surface. However,
when further increasing the PBAT content from 30 to 40 wt%, the size of the dispersed phase
is enlarged and the GNPs also vanish. When the PBAT content is increased to 50 wt%, the
dispersed phase vanishes and forms co-continuous structures [14]. Thus, with increasing
PBAT content, the changes in electric conductivity can be explained: (1) the high PBAT
melting viscosity can induce the agglomeration of GNPs, thereby decreasing the formation
of the conductive network; (2) it is easier for GNPs to migrate from the PLA phase to the
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PBAT phase due to the intermolecular forces [34], thus, adding high PBAT content into
PLA matrix can destroy the conductive network and reduce the electrical conductivity.
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3.3. The Crystalline Properties of CPCs

To explore the influence of the addition of GNPs and PBAT on the crystallization
properties of CPCs, a study of non-isothermal behaviors of CPCs was carried out. The
results are shown in Figure 4. Table 1 shows the onset crystallization temperature (T0), the
peak crystallization temperature (Tp), and the half-time of crystallization (T1/2). It can be
seen from Figure 3a that the addition of GNPs shifts the T0 and Tp of the composites to high
temperature, in which the T0 increases from 116.7 to 134.7 ◦C, and Tp increases from 93.2 to
120 ◦C. Moreover, introducing GNPs into the PLA matrix also significantly decreases T1/2
from 35.8 to 27.3 min. These phenomena demonstrate that GNPs with a large surface can
provide more nucleation sites and promote the crystalline process. However, introducing
PBAT into PLA/GNPs composites displays an inverse phenomenon. When adding PBAT
into PLA/GNPs composites, the T0 and Tp decrease, while T1/2 increases from 27.3 min to
36 min, as shown in Figure 4 and Table 1. The addition of PBAT results in the packaging of
a large number of GNPs into PBAT, thereby reducing the number of nucleation sites and
hindering the motion of PLA chains, which greatly inhibits the process of crystal growth.
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Table 1. Comparison table of the crystallization process of PLAGNP3.5PBy composite.

Sample T0 (◦C) Tp (◦C) T1/2 (min) Sample T0 (◦C) Tp (◦C) T1/2 (min)

PLA 116.7 93.2 35.8 PLAGNP3.5PB20 120.9 90.3 36.0
PLAGNP3.5 130.8 118.2 27.3 PLAGNP3.5PB30 120.6 97.6 34.1

PLAGNP3.5PB5 112.9 96.0 34.8 PLAGNP3.5PB40 125.3 97.2 33.5
PLAGNP3.5PB10 110.7 93.8 35.7 PLAGNP3.5PB50 125.3 98.8 33.2

3.4. The Isothermal Temperature Response of CPCs

Based on the above analysis, 20 wt% PBAT was chosen to explore the temperature
response behaviors of CPCs. An online isothermal process was performed and the data are
shown in Figure 5, in which the samples were treated at varying temperatures (Tend = 100,
120, and 135 ◦C). As shown in Figure 4a, the conductivity of PLAGNP3.5 first decreases from
6.99 × 10−5 S/m to 1.37 ×10−6 S/m with an action time of 14.15 min and then gradually
increases. Moreover, by increasing the heat-treated temperature from 100 to 135 ◦C, the
action time is reduced to 7.77 min (seen in Table 2), indicating that the increase in heat treat-
ment temperature can enhance the action time. Afterward, the electric conductivity shows
a similar increase trend, in which with time passing, the electrical conductivity gradually
increases. The reason for this is that during the isothermal process, the crystalline structure
that appears within the polymer chains is progressively refined, and the “crystal repulsion”
effect results in a large displacement of GNPs into the amorphous region, leading to a slow
increase in electrical conductivity. At the end of the cooling process after 60 min, the con-
ductivity initially rises sharply and then gradually stabilizes due to the rapid growth of the
crystal at the beginning of the cooling step, which makes the repulsion effect of the crystal
most obvious. It also can be seen from Figure 5b that during the subsequent isothermal
process at different isothermal temperatures, the conductivity of PLAGNP3.5PB20 also tends
to slowly increase. However, compared to the PLAGNP3.5 composite, the conductivity of
the PLAGNP3.5PB20 drops from 8.62 × 10−3 S/m to 4.60 × 10−4 S/m at 100 ◦C and action
time is significantly shortened to 2.19 min.
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The corresponding heat-treated samples were further tested by DSC to explore the
crystallinity changes of PLA-based composites, as shown in Figure 6 and the related
parameters are shown in Table 2. Figure 6 shows that PLAGNP3.5 and PLAGNP3.5PB20
have similar changing trends, in which increasing the Tend can enhance the melting enthalpy
and melting temperature, indicating that the crystalline structures become more perfect.
Moreover, the relative crystallinity of samples, as shown in Table 2, is the highest when Tend
is 120 ◦C, corresponding to 52.3% (PLAGNP3.5) and 46.8% (PLAGNP3.5PB20), respectively.
This is in agreement with the final conductivity of the composites when the isothermal
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temperature is 120 ◦C in the time plot of the electrical conductivity, which proves the effects
of “crystalline rejection” on the conductivity of the composites.

Table 2. The relative conductive parameters and DSC data at different heat treatment temperatures.

Heat Treatment
Temperature

Initial Conductivity
(10−5 S/m)

Minimum Conductivity
(10−6 S/m)

Action Time
(min)

Relative Crystallinity
(%)

a b a b a b a b

Tend = 25 ◦C 27.4 32.5
Tend = 100 ◦C 6.99 862 1.37 460 14.15 2.19 44.3 35.0
Tend = 120 ◦C 8.42 711 2.97 410 7.25 1.00 52.3 46.8
Tend = 135 ◦C 8.72 700 8.61 332 7.77 0.69 50.3 46.0

a represents PLAGNP3.5 and b represents PLAGNP3.5PB20.

Polymers 2023, 15, x FOR PEER REVIEW 8 of 11 
 

 

 
Figure 5. The temperature response behavior of PLAGNP3.5 (a) and PLAGNP3.5PB20 composites 
(b). 

Table 2. The relative conductive parameters and DSC data at different heat treatment tempera-
tures. 

Heat Treatment 
Temperature 

Initial Conductivity  
(10−5 S/m)  

Minimum Conductivity  
(10−6 S/m) 

Action Time  
(min) 

Relative Crystallinity 
(%) 

 a B a b a b a b 
Tend = 25 °C       27.4 32.5 

Tend = 100 °C 6.99 862 1.37 460 14.15 2.19 44.3 35.0 
Tend = 120 °C 8.42 711 2.97 410 7.25 1.00 52.3 46.8 
Tend = 135 °C 8.72 700 8.61 332 7.77 0.69 50.3 46.0 

a represents PLAGNP3.5 and b represents PLAGNP3.5PB20. 

The corresponding heat-treated samples were further tested by DSC to explore the 
crystallinity changes of PLA-based composites, as shown in Figure 6 and the related pa-
rameters are shown in Table 2. Figure 6 shows that PLAGNP3.5 and PLAGNP3.5PB20 have 
similar changing trends, in which increasing the Tend can enhance the melting enthalpy 
and melting temperature, indicating that the crystalline structures become more perfect. 
Moreover, the relative crystallinity of samples, as shown in Table 2, is the highest when 
Tend is 120 °C, corresponding to 52.3% (PLAGNP3.5) and 46.8% (PLAGNP3.5PB20), respec-
tively. This is in agreement with the final conductivity of the composites when the iso-
thermal temperature is 120 °C in the time plot of the electrical conductivity, which proves 
the effects of “crystalline rejection” on the conductivity of the composites. 

 
Figure 6. (a) The heating DSC curve of PLAGNP3.5 composite and (b) DSC curve of PLAGNP3.5PB20 
composite at different heat treatment temperatures. 

  

Figure 6. (a) The heating DSC curve of PLAGNP3.5 composite and (b) DSC curve of PLAGNP3.5PB20

composite at different heat treatment temperatures.

3.5. The Non-Isothermal Temperature-Response Behaviors of CPCs

To explore the non-isothermal temperature response behavior of PLAGNP3.5 and
PLAGNP3.5PB20, non-isothermal temperature tests were performed and shown in Figure 7.
The ratio ∆R/R0 (∆R = R − R0, R is the real resistance and R0 is the initial resistance)
represents the resistance changes with the changing temperature, in which the maximum
∆R/R0 was used to characterize the PTC intensity. As can be seen from Figure 6a, when
increasing the testing temperature from room temperature to 135 ◦C, the value of ∆R/R0
is also increased, demonstrating the PTC phenomenon under the single cycle process.
Moreover, the maximum ∆R/R0 of the PLAGNP3.5 composites (seen Figure 7c) show
a gradual decrease with increasing cycle times. The reason for this is that PLA is an
amorphous polymer when the temperature is increased and decreased for the PLAGNP3.5
composite, and the temperature field, therefore, destroys some of the imperfect crystalline
structure in the composites; so, in the slow cooling process, the imperfect crystal gradually
achieves perfect crystallization so that the effect of “crystal repulsion” is increased, and the
maximum ∆R/R0 is reduced in the following cycle. Furthermore, introducing the 20 wt%
PBAT into PLA/GNPs composites has no obvious changes on the PTC phenomenon.
However, the PTC value is enhanced and becomes more stable after the first cycle process
compared with PLAGNP3.5, in which the PTC value can be kept at 25. Thus, introducing
PBAT into PLA/GNPs composites can provide a new method to prepare the temperature
sensor with more sensibility and stability.
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4. Conclusions

In this study, the PLA/GNPs/PBAT composites were prepared by injection molding
and the electric conductivity, crystallization performance, and temperature response be-
havior were investigated in detail. Increasing GNPs content can gradually enhance the
electrical conductivity and the percolation threshold is 2.75 wt% by fitting with a classic
percolation theory. Moreover, the crystallization performance of PLAGNP3.5 is improved
by the addition of GNPs, which has a stronger ability to induce the crystallization of
PLA due to their strong nucleation effect, including growth in crystallization rate and
crystallinity. As for PLA/PBAT/GNPs composites, introducing a lower PBAT content can
form a better conductive network, further improving the electrical conductivity, while de-
creasing crystalline temperatures, due to the high melting viscosity of PBAT and migration
process of GNPs from PLA to PBAT. During the temperature-response testing, introducing
PBAT can significantly shorten the action time from 14.15 min to 2.19 min and the cycle
temperature-response stability is also gradually improved, in which the PTC value can
be kept at 25 when compared with PLAGNP3.5. The investigation of the microstructure
evolution of a conductive network provides a guideline for the design and fabrication of
temperature-sensing devices with high conductivity, high stability, and high-temperature
sensitivity in a variety of applications.
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Abstract: In this work, the influences of alumina (Al2O3) particle size and loading concentration on
the properties of injection molded polycarbonate (PC)/boron nitride (BN)/Al2O3 composites were
systematically studied. Results indicated that both in-plane and through-plane thermal conductivity
of the ternary composites were significantly improved with the addition of spherical Al2O3 particles.
In addition, the thermal conductivity of polymer composites increased significantly with increasing
Al2O3 concentration and particle size, which were related to the following factors: (1) the presence of
spherical Al2O3 particles altered the orientation state of flaky BN fillers that were in close proximity
to Al2O3 particles (as confirmed by SEM observations and XRD analysis), which was believed crucial
to improving the through-plane thermal conductivity of injection molded samples; (2) the presence
of Al2O3 particles increased the filler packing density by bridging the uniformly distributed BN
fillers within PC substrate, thereby leading to a significant enhancement of thermal conductivity. The
in-plane and through-plane thermal conductivity of PC/50 µm-Al2O3 40 wt%/BN 20 wt% composites
reached as high as 2.95 and 1.78 W/mK, which were 1183% and 710% higher than those of pure PC,
respectively. The prepared polymer composites exhibited reasonable mechanical performance, and
excellent electrical insulation properties and processability, which showed potential applications in
advanced engineering fields that require both thermal conduction and electrical insulation properties.

Keywords: injection molding; polycarbonate; boron nitride; spherical alumina; thermal conductivity;
microstructure; mechanical properties; electrical insulation

1. Introduction

Nowadays, the booming development in the fields of new energy sectors, cloud
computing, the Internet of Things, high-speed communication, and artificial intelligence are
imperceptibly changing our daily life. However, heat dissipation is a growing concern due
to the integration of multifunctional components in confined areas, especially in the fields
of microelectronics [1], battery units [2], and new energy sectors [3]. Thermally conductive
polymer composites demonstrate an edge over metals and ceramic materials in terms of
weight advantage, excellent resistance to corrosive environments, and most importantly,
good processability and moldability [4,5], which can be scaled at large quantities without
causing much additional costs [6]. Therefore, developing high performance thermally
conductive polymer composites has become the core interest of researchers from both
academic and industrial spheres.

It is known that the intrinsic thermal conductivity of polymers is very low (0.1–0.5 W/mK),
which cannot meet the stringent requirements of industrial sectors [2,7]. Thus, a great effort
has been devoted to developing highly thermally conductive polymers to suit the needs of
the above-mentioned fields. The synthesis of intrinsically thermally conductive polymers
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is currently impractical, since very complex processes are involved, and the yields are
always not satisfying [8–10]. In addition, synthesizing intrinsically thermally conductive
polymers is costly, and only a few types of materials are available that are not cost effective
and also not compatible for large scale industrial applications [11,12]. The commonly
accepted approach is adding thermally conductive fillers to the polymer matrix using either
solution [13,14] or melt blending methods [15–17]. Although solution mixing achieves
better filler distribution and the prepared composites exhibit higher thermally conductive
properties [18], the use of large amounts of solvents limits its wide use in industrial
sectors [19]. Therefore, the melt blending method, which is industrially compatible and
environmentally benign, has been widely adopted to prepare thermally conductive polymer
composites [20,21].

Conventionally, different types of thermally conductive fillers such as carbonaceous
fillers, metallic fillers, and ceramic fillers are adopted for preparing thermally conductive
polymer composites [22]. However, the use of metallic [23] and carbonaceous [24,25] fillers
impairs electrical insulation properties of polymer composites, which restricts their appli-
cations in fields that require electrical insulation performance. As a result, ceramic fillers
such as boron nitride (BN) [26], alumina (Al2O3) [27], and aluminum nitride (AlN) [2] are
commonly employed to prepare thermally conductive yet electrically insulative polymer
composites. It has been accepted that the formation of a thermally conductive network
and the increase of filler packing density are prerequisites for achieving thermally con-
ductive polymer composites [28]. Under such circumstances, filler concentrations as high
as 30 vol% are not rare in terms of preparing thermally conductive polymer compos-
ites [2]. Thus, great effort has been paid to constructing thermally conductive pathways
and increasing filler packing density while not significantly impairing the mechanical and
processing properties.

BN, which exhibits a planar structure alike flake graphite has been widely adopted
to prepare thermally conductive polymer composites due to its intrinsically high thermal
conductivity and thermal stability [29,30]. Injection molding, which is geared towards mass
production at industrial scales, exerts a complex shearing influence on polymer melts that
leads to a preferential orientation of planar fillers in injection molded articles [31–33]. In
this scenario, a great discrepancy was noted in terms of the measured thermal conductivity
with respect to melt flow direction, i.e., in-plane (along the flow direction) and through-
plane (perpendicular to the flow direction) directions [34,35]. For example, there is a great
possibility of forming intact filler conductive pathways along the melt flow direction due to
the preferred orientation of planar fillers, whereas the properties in pathways perpendicular
to the flow direction are significantly impaired [36,37]. As a result, there is a great anisotropy
in the values of thermal conductivity for injection molded samples related to the melt flow
direction [38].

Presently, numerous studies have indicated that hybrid filler loading is effective in im-
proving the thermal conductivity of polymer composites by facial construction of thermally
conductive pathways [39–41]. In a previous study [42], we found that the incorporation
of spherical Al2O3 particles was effective in altering the orientation state of planar BN
fillers in polycarbonate (PC)-based composites, thereby minimizing the difference between
in-plane and through-plane thermal conductivity. In addition, Liu et al. [43] reported that
the addition of a small amount (5 wt%) of spherical graphite was instrumental in building
a more compact and denser filler packing structure in 45 wt% flake graphite (FG)-filled
polypropylene (PP) composites, which was beneficial to improving the thermal conduc-
tivity of the resultant moldings. In another work [44], the same authors reported that
the loading of spherical Al2O3 particles was able to affect the orientation state of FG in
PP-based composites. As a result, both in-plane and through-plane thermal conductivity
were enhanced for PP/FG composites. Moreover, they reported that the size of Al2O3 parti-
cles played a role in building thermally conductive pathways, and the addition of smaller
size Al2O3 particles was proven to be more effective. However, the above studies were
performed using the compression molding method, which exerts much lower shearing
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impact on the polymer melts when compared with the injection molding process [45]. To
the best of our knowledge, the influence of spherical particle size on the distribution state
of planar fillers under the influence of high shear rates has scarcely been studied.

To attempt to bridge this knowledge gap, spherical Al2O3 particles of different sizes
were employed by using PC/BN composites as the model systems, and the properties such
as thermal conductivity, morphological and mechanical properties, as well as rheological
properties of ternary PC/Al2O3/BN composites were systematically investigated. In this
work, we reported that both the loading content and the size of spherical particles played
a role in determining the distribution state of planar BN fillers. This work provided a
new perspective in simultaneously improving the in-plane and through-plane thermal
conductivities of injection molded polymer composites without significantly impairing the
processability and mechanical properties, which show potential applications in the fields
that require both thermal dissipation and excellent electrical insulation properties.

2. Experimental Section
2.1. Materials

Polycarbonate (PC, L-1225M) with a melt flow index of 28.8 g/10 min (300 ◦C @ 1.2 kg
load) was produced by Teijin Polycarbonate China Ltd. (Jiaxing, China). Two-dimensional
boron nitride (BN) fillers with an average size of 35 µm were purchased from Dandong
Rijin Science and Technology Co., Ltd. (Dandong, China). Spherical alumina (Al2O3) with
respective particle sizes of 5 and 50 µm were provided by Zhengzhou Sanhe New Materials
Co., Ltd. (Zhengzhou, China).

2.2. Preparation of Samples

Briefly, PC, BN, and Al2O3 were thoroughly dried at 60 ◦C for at least 10 h prior to melt
blending. Then a series of filler-containing PC-based composites (Table 1) was prepared
using a twin-screw extruder (TSSJ-25/33, Chengdu Tarise Chemical Engineering Co. Ltd.,
Chengdu, China). The screw rotation speed was set at 30 rpm. The temperatures from
the hopper to die zones were set from 240 to 260 ◦C. Then, the extrudates were pelletized,
fully dried under the above-mentioned conditions and used for injection molding using
an MA-2000 injection molding machine (Ningbo Haitian Machinery Inc., Ningbo, China).
The melting and mold temperatures were set at 280 and 100 ◦C, respectively. The injection
speed was set at 150 mm/s. The approximated shear rates were higher than 105 1/s. The
larger size, i.e., 50 µm, Al2O3 particles were denoted as AL, the smaller Al2O3 particles
were named as AS, and the BN was abbreviated as B. Thus, PC/50 µm-Al2O3 40 wt%/BN
20 wt% composites were termed as PC/AL40B20. The same nomenclature system was
applicable to the other systems, as listed in Table 1.

Table 1. Formulation of PC/Al2O3/BN composites.

Samples PC (wt%) BN (wt%) 5 µm-Al2O3
(Small, wt%)

50 µm-Al2O3
(Large, wt%)

PC/B5 95 5 0 0
PC/B20 80 20 0 0

PC/AL10-60 90-40 0 0 10-60
PC/AS10-60 90-40 0 10-60 0
PC/AL20B5 75 5 0 20
PC/AL20B20 60 20 0 20
PC/AL40B5 55 5 0 40
PC/AL40B20 40 20 0 40
PC/AS40B5 55 5 40 0

PC/AS40B20 40 20 40 0
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2.3. Characterization

The thermal conductivity (λ) of PC-based composites was measured using a LFA467
flash apparatus (NETZSCH, Selb, Germany). Samples with a diameter of 25 and a thickness
of 0.2 mm were adopted. It should be noted that this technique reports λ in both the
in-plane and through-plane directions. Five replicates were tested for each sample.

The morphology of filler-containing composites was observed by a scanning electronic
microscope (SEM; Thermoscientific Apreo S, Oxford Instruments, Abingdon, UK). All
samples were fractured in liquid nitrogen, and then the cryo-fractured samples were coated
with gold to enhance image resolution.

XRD patterns of the composites were collected using an X-ray diffractometer (Ultima
IV, Rigaku, Tokyo, Japan), and the scans were conducted in a 2θ range of 20–60◦ at a
scanning speed of 2◦/min.

The viscoelastic properties of samples with a diameter of 25 mm and a thickness of
1 mm were determined using a dynamic rheometer (MCR302, Anton Paar, Graz, Austria).
The test was carried out under a constant-strain mode, where the applied strain was set at
1%. The scan frequency ranged from 100 to 0.01 Hz, and the test temperature was set at
260 ◦C.

The tensile strength was determined using a UTM4204 universal tester (Shenzhen
Suns Company, Shenzhen, China) at 10 mm/min as per GB/T 1040.2-2006. The bending
tests were carried out on a UTM4204 universal tester according to GB/T 9341-2008. The
impact strength of specimen with a 2 mm V-notch was measured in accordance with GB/T
1843-2008. Five replicates were tested for each sample.

The resistance (Rx) of samples was measured using a high resistance meter (ZC-90F,
Shanghai Taiou Electronics Co., Ltd., Shanghai, China), and the volume resistance (ρv) was
obtained using the following equation:

ρv = RxS/L (1)

where L is the distance between the electrodes, and S is the cross-sectional area of the
samples. Three replicates were tested for each sample.

3. Results and Discussion
3.1. Thermal Conductivity of PC/Al2O3 Composites

The thermal conductivity (λ) of PC/Al2O3 composites and their enhancement ratio
to pure PC are presented in Figure 1a,b, respectively. Results showed that there was an
increment on the λ with an increasing content of Al2O3. The addition of either larger size or
smaller size Al2O3 particles contributed to an obvious increase of λ when compared with
pure PC. However, the enhancement ratio became more appreciable when the filler content
reached 40 wt%, regardless of the particle size. This was likely related to the formation of
intact thermally conductive pathways at this certain filler concentration [46]. It is worth
noting that the λ of PC/AS was higher than that of PC/AL counterparts when the filler
concentration was less than 40 wt%; however, an opposite trend was observed when the
filler concentration exceeded 40 wt%. The above observation further indicated that the
thermally conductive network was likely constructed in the vicinity of 40 wt% Al2O3, and
the difference in the values of λ between both PC/Al2O3 composites was likely related to
the state of filler distribution. For example, a larger number of As particles were present
in PC composites when compared with the AL-containing counterparts. According to Li
and Shimizu [47], higher shearing conditions were effective for improving the state of
distribution of inorganic fillers. Therefore, the improved distribution of spherical particles
would be beneficial for improving the λ when the filler content was below 40 wt%. As
shown in Figure 2, spherical Al2O3 particles exhibited a relatively uniform distribution
in PC substrate, which was attributed to the high shearing conditions involved during
the injection molding process [48]. Moreover, the mean distance between adjacent Al2O3
particles decreased significantly with increasing filler concentrations, which was critical for
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improving λ. When the concentration of Al2O3 reached 40 wt%, samples with larger size
particles exhibited more compact filler packing structures and less filler/matrix interfacial
thermal resistance [28,49], thereby leading to a higher increment in λ for corresponding
PC-based moldings.
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Thus, it can be concluded that larger size Al2O3 particles exhibited a higher efficiency
in forming thermally conductive pathways at higher filler concentrations (i.e., >40 wt%),
which was likely related to the size effect of the fillers, i.e., Al2O3 particles. For example,
less contact surface was likely formed between adjacent larger size particles when forming
a thermally conductive network; the specific surface area of 50 µm Al2O3 particles was
much smaller when compared with their 5 µm counterparts. As such, fewer matrix/filler
interfacial defects were generated in PC-based composites with respect to larger size Al2O3
particles. Under such circumstances, less phonon scattering occurred in terms of 50 µm
Al2O3 particle-containing PC-based composites, which led to a higher λ for corresponding
composites when the filler concentration exceeded 40 wt% [49].

3.2. Thermal Conductivity of PC/Al2O3/BN Composites

As reported in previous studies [21,42], planar BN would exhibit a typical orientation
along the flow direction due to the intense shearing effect, thereby leading to a higher
anisotropy in thermal conduction properties in different directions, i.e., along the flow
direction (i.e., in-plane λ) and perpendicular to the flow direction (i.e., through-plane λ).
It was also found [42] that the orientation state of planar BN could be altered with the
incorporation of spherical Al2O3 particles, thereby concurrently improving both the in-
plane and through-plane λ of injection molded samples. Herein, the influence of the size of
Al2O3 particles on the λ of PC/BN/Al2O3 composites was highlighted.

The λ values of PC/BN/Al2O3 composites, which were measured along the flow
direction and perpendicular to the flow direction, are displayed in Figure 3. Figure 3a,b
indicate that no significant enhancement in through-plane λ was observed for PC/BN
composites and a great enhancement in in-plane λ when the BN concentration was increased
from 5 to 20 wt%, which was related to the preferred orientation and increased addition of
planar BN fillers in injection molded samples. Interestingly, there was a significant increase
in both the in-plane and through-plane λ with the incorporation of spherical Al2O3 particles,
as shown in Figure 3. For example, the through-plane λ and in-plane λ of PC/AL40B20
composites reached as high as 1.78 and 2.95 W/(mK), which were 710% and 1183% higher
than those of pure PC, respectively. This was definitely related to the formation of a more
compact filler network that contributed to the significant increase of λ. Moreover, the
addition of spherical Al2O3 particles would, to some extent, alter the orientation state of
planar BN fillers, thereby contributing to a much greater enhancement in both in-plane
and through-plane λ. The influence of particle size of Al2O3 on the λ of PC/BN/Al2O3
composites was studied as well. Results showed that samples with larger size Al2O3
exhibited a much greater increase in λ, which was attributed to the higher efficiency of
forming thermally conductive pathways by using larger size spherical particles. In this
scenario, the use of AL particles not only reduced the contact thermal resistance between
filler/matrix and filler/filler, but they also acted as bridges between adjacent fillers. Both
factors contributed to a significant enhancement of λ for subsequent moldings.

The mechanism for thermal conductivity enhancement of subsequent composites is
depicted in Figure 4. As shown in Figure 4a, planar BN fillers tended to preferentially align
along the melt flow direction due to the predominant shearing effect induced by injection
molding. Under such circumstances, injection molded PC/BN composites would exhibit
a great discrepancy between in-plane λ and through-plane λ. The preferred orientation
of BN was, to some extent, impaired with the incorporation of Al2O3 particles. As a
result, in addition to the presence of Al2O3 particles, the partial deflection of planar BN
would increase the likelihood of constructing thermally conductive pathways across the
perpendicular to flow direction, thereby leading to an increase of through-plane λ without
much influence on in-plane λ. Moreover, more planar BN fillers would be deflected with
the increasing addition of Al2O3 particles. In this scenario, the difference between in-plane
λ and through-plane λ was minimized at higher Al2O3 loading concentrations. In addition,
the size of Al2O3 particles played a role in determining the deflection state of planar BN.
Larger size Al2O3 particles tended to exert a greater influence on the orientation state of
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BN fillers, which explained why the PC/BN/Al2O3 composites with 50 µm Al2O3 particles
demonstrated higher λ than the 5 µm Al2O3-containing counterparts. As a result, the
addition of larger size spherical Al2O3 particles had a more positive effect on improving
the in-plane and through-plane λ of injection molded samples.
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3.3. Morphology of PC/Al2O3/BN Composites

The microstructure of PC/Al2O3/BN composites is displayed in Figure 5. As shown
in Figure 5g,h, planar BN fillers exhibited preferential orientation along the melt flow
direction, regardless of filler concentrations. In addition, both BN and Al2O3 particles
showed a relatively uniform distribution within the PC substrate. The presence of BN fillers
was labeled using red arrows. Figure 5a–f show that BN fillers, which were located far away
from Al2O3 particles, remained in the preferential orientation state along the flow direction;
however, planar BN fillers that were located in the vicinity of Al2O3 particles showed
some deflection due to the steric hindrance effect imposed by Al2O3 particles. Under
such circumstances, the possibility of constructing intact thermally conductive pathways
was increased across the thickness direction, i.e., perpendicular to flow direction. As a
result, the in-plane and through-plane λ would be concurrently enhanced for injection
molded PC/BN/Al2O3 composites. Moreover, the deflection degree of BN fillers increased
with increasing Al2O3 content and particle size, which is beneficial for building a denser
thermally conductive network. Therefore, a larger size Al2O3 demonstrated an edge
over smaller size particles in terms of altering the orientation state of BN fillers, thereby
leading to a significant increase of both in-plane and through-plane λ for subsequent
PC/BN/Al2O3 composites. The in-plane and through-plane λ of PC/AL40B20 composites
reached as high as 2.95 and 1.78 W/(mK), respectively, which were 94.1% and 63.3% higher
than PC/AS40B20 composites, and 1183% and 710% higher than pure PC, respectively.
Thus, incorporating larger size spherical particles was proved effective in improving the λ

of planar filler-containing injection molded composites.
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Figure 5. The microstructure of PC-based composites along the flow direction: (a) PC/AL40B5,
(b) PC/AL40B20, (c) PC/AL20B5, (d) PC/AL20B20, (e) PC/AS40B5, (f) PC/AS40B20, (g) PC/B5;
(h) PC/B20.

3.4. XRD Analysis

According to literature [50], the orientation degree of BN can be assessed using XRD
analysis. Basically, the peak intensity ratio of the (002) plane to the (100) plane of BN
was employed to reflect the orientation state of BN [41,51]. The XRD spectra and the
peak intensity ratios for related polymer composites are presented in Figure 6. Results
showed that the peak intensity ratio of the PC/B20 composite was the highest among the
studied systems. The peak intensity ratio of the PC/B20 composite was higher than that
of PC/B5, which was related to the reduced melt viscosity related to the incorporation
of a larger fraction of planar fillers (see Figure 7c). However, the peak intensity ratios for
PC/BN/Al2O3 composites decreased significantly when compared with binary PC/BN
composites, which was ascribed to the filler-induced deflection of planar BN fillers [42].
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Specifically, the values of peak intensity ratio decreased with increasing content of
Al2O3, provided that the content of BN and the particle size of Al2O3 remained the same.
In addition, the peak intensity ratios of PC/AL/BN composites were higher than those
of PC/AS/BN counterparts when the concentrations of Al2O3 particles and BN were
the same. Thus, it can be concluded that both increasing the concentration of Al2O3
particles and using larger size Al2O3 led to a higher degree of deflection for planar fillers in
injection molded samples, which was crucial to improving the through-plane λ of related
polymer composites.

3.5. Rheological Properties

The viscoelastic properties of PC/BN and PC/Al2O3/BN composites were studied
using a dynamic rheometer, as displayed in Figure 7. The values of storage modulus (G’) as
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a function of sweeping frequency are given in Figure 7a. Results showed that the values of
G’ increased with increasing sweeping frequency and total filler loading concentrations. In
particular, the values of G’ at the lowest frequency, i.e., G’0.01Hz, increased with total filler
concentrations, which was related to the reinforcement effect of the added fillers [52]. A
plateau was not visible for PC/BN and PC/Al2O3/BN 5 wt% composites, suggesting that
an intact filler network structure was absent in the above systems. Moreover, a plateau was
visible for PC/Al2O3/BN 20 wt% composites, signifying the existence of an intact filler
network that consisted of spherical Al2O3 and planar BN, which was crucial for improving
the λ. Figure 7b,c show that the peak of tan δ shifted to higher frequency regions coupling
with a reduction of peak value, and a shear thinning behavior became more noticeable with
increasing filler concentrations, which was attributed to the transition from a viscous to
solid state of polymer melts arising from the presence of inorganic fillers [36,53].

The microstructural changes of polymer composites were further evaluated using the
van Gurp–Palmen and Cole–Cole plots, as given in Figure 7d,e, respectively. Figure 8d
showed that the values of phase angle for PC/Al2O3/BN composites decreased greatly at
lower complex modulus regions when the concentration of BN reached 20 wt%. Moreover,
the Cole–Cole plot changed from a semicircular to a linear shape with an obvious tailing
effect, suggesting that the PC/Al2O3/BN composites exhibited typical solid-like behav-
ior owing to the formation of three-dimensional thermally conductive pathways [42,54].
Furthermore, Figure 7f shows that there were negligible changes in the values of G’0.01Hz
when the filler content of BN was increased from 5 to 20 wt% for binary PC/BN composites,
suggesting that no microstructural change (i.e., the formation of a filler network) was
detected in PC/BN composites. Moreover, the changes in G’0.01Hz were also insignificant
for PC/Al2O3/BN 5 wt% composites, and such changes became more noticeable when the
concentration of BN reached 20 wt%, especially for PC/Al2O3 40 wt%/BN 20 wt% com-
posites, which was related to the microstructural change related to the increasing addition
of inorganic fillers [52]. It was worth noting that the values of G’0.01Hz at lower frequency
regions of the PC/AS40B20 composite were higher than its PC/AL40B20 counterparts,
which suggested that the filler network structure consisting of 5 µm Al2O3 and BN exerted
a much stronger confinement effect on polymer chains, which was likely related to the
higher specific surface area of smaller Al2O3 particles [49]. However, this did not mean
that such a filler network structure had a higher efficiency in dissipating heat because the
particle size played a positive role in determining the λ of polymer composites [38,49,55].

3.6. Mechanical and Electrical Properties

The mechanical properties, including tensile strength, elongation at break, flexural
strength, and notched impact strength of PC-based composites are presented in Figure 8.
Results showed that the mechanical properties, particularly for elongation at break and
notched impact strength, of PC/Al2O3/BN composites deteriorated significantly with the
incorporation of BN and Al2O3 fillers, which was likely attributed to the poor interfacial
interactions between the host substrate and inorganic fillers, as well as the formation of
filler network structures that acted as structural defects [16]. Figure 8 shows that the
mechanical properties of PC/AL40B20 composites were higher than those of PC/AS40B20
composites. For example, the tensile strength, elongation at break, flexural strength, and
notched impact strength of the former were 49.8 MPa, 1.83%, 81.4 MPa, and 3.66 kJ/m2,
respectively, whereas those of the latter were 46.5 MPa, 1.59%, 69.2 MPa, and 3.48 kJ/m2, re-
spectively. The above results were likely related to the fact that smaller Al2O3 particles had
a tendency to form agglomerates due to their higher specific surface areas and the presence
of more filler/matrix interfacial defects [49,56], thereby leading to a much lower mechan-
ical performance for smaller Al2O3 particle-containing polymer composites. In general,
PC/AL/BN composites showed reasonable mechanical properties, which demonstrated
potential applications in industrial sectors.
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The volume resistivity of PC/BN and PC/Al2O3/BN composites is shown in Figure 9.
It can be seen that all samples demonstrated excellent electrical insulation properties, since
the volume resistivity of all PC/BN and PC/Al2O3/BN composites exceeded 1015 Ω·cm.
Therefore, the prepared polymer composites demonstrated exceptional electrical insulation
properties, excellent thermal dissipation properties in both in-plane and through-plane
directions of injection molded parts, and reasonable mechanical properties that can be
targeted for applications in the fields of electronic devices and battery units, where both
thermal conduction and electrical insulation are primary concerns.
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4. Conclusions

In this work, incorporating spherical alumina (Al2O3) particles was found to be
effective in altering the orientation state of planar boron nitride (BN) fillers in injection
molded PC-based composites. Both the in-plane and through-plane thermal conductivity
of PC/Al2O3/BN composites were concurrently enhanced with the addition of spherical
Al2O3 particles. Both increased particle size and loading content of Al2O3 were found
to be crucial in affecting the orientation state of BN fillers, especially for those in the
vicinity of Al2O3 particles, as corroborated by SEM observations and XRD analysis. The
deflection state of planar BN fillers and the presence of larger size Al2O3 particles were
beneficial for constructing intact thermally conductive pathways, thereby leading to a
significant improvement in through-plane thermal conductivity without much influence
on in-plane thermal conductivity. For example, the through-plane and in-plane thermal
conductivity of PC/AL40B20 composites reached as high as 1.78 and 2.95 W/mK, which
were 710% and 1183% higher than those of pure PC, respectively. In addition, the prepared
PC/Al2O3/BN composites demonstrated reasonable mechanical and exceptional electrical
insulation properties, which show potential applications in the fields of electronics, battery
units, and so forth.
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Abstract: Glass fiber-reinforced phenolic resins are well suited to substitute aluminum die-cast
materials. They meet the high thermomechanical and chemical demands that are typically found in
combustion engine and electric drive train applications. An injection molding process development
for further improving their mechanical properties by increasing the glass fiber length in the molded
part was conducted. A novel screw mixing element was developed to improve the homogenization
of the long fibers in the phenolic resin. The process operation with the mixing element is a balance
between the desired mixing action, an undesired preliminary curing of the phenolic resin, and the
reduction of the fiber length. The highest mixing energy input leads to a reduction of the initial fiber
length L0 = 5000 µm to a weighted average fiber length of Lp = 571 µm in the molded part. This is
an improvement over Lp = 285 µm for a short fiber-reinforced resin under comparable processing
conditions. The mechanical characterization shows that for the long fiber-reinforced materials, the
benefit of the increased homogeneity outweighs the disadvantages of the reduced fiber length. This
is evident from the increase in tensile strength from σm = 21 MPa to σm = 57 MPa between the lowest
and the highest mixing energy input parameter settings.

Keywords: thermoset injection molding; phenolic molding compound; fiber length measurement; long
fiber processing; plasticizing work; injection work; screw mixing element; process data acquisition

1. Introduction
1.1. Phenolic Molding Compounds and Their Applications

Phenolic resins are versatile polymers that are used in a variety of industrial and
consumer applications. For example, they are used as binding systems for wood composites,
paper, abrasives, and friction materials [1]. They also serve as matrix systems in fiber-
reinforced composite materials, such as continuous fiber-reinforced laminates [2], long
fiber-reinforced compression molding materials [3], and short fiber-reinforced injection
molding compounds [4].

Typical applications for phenolic molding compounds that are established in the state
of the art are oil pump housings, intake manifolds, valve blocks [4,5], and other small
automotive parts, for example in the air condition systems [6] or turbochargers [7]. In these
applications, the beneficial properties of the phenolic resin, such as high heat resistance,
chemical resistance, and an overall excellent dimensional accuracy and stability come
into play. Usually, the mechanical strength of the material plays a subordinate role for
these parts. In the latest developments, phenolic molding compounds are used in electric
motors [8–10], larger parts in combustion engines (such as camshaft modules) [11], and
entire parts of crank cases [12]. In addition to the beneficial properties mentioned above,
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the mechanical requirements become more important due to the size and the structural
nature of such large parts.

The most significant mechanical disadvantage of parts made from phenolic mold-
ing compounds are their low elongation at break and their high brittleness compared
to thermoplastic polymers [4]. Long fiber reinforcement is especially beneficial for in-
creasing the impact strength of a fiber-reinforced polymer material. This was proven by
Gupta et al. [13], Thomason and Vlug [14], Rohde et al. [15], and Kim et al. [16] for glass
fiber-reinforced polypropylene. Boroson et al. [17] conducted a study with glass fiber-
reinforced phenolic resins with initial fiber length values in the molding compound ranging
between L = 3.5 mm and L = 12.7 mm and found out that longer fibers significantly
reduce the notch sensitivity during impact testing. However, they did not measure the
residual fiber length in the molded part. Based on the literature data, it can be concluded
that an attractive development aim is increasing the fiber length in parts manufactured
from phenolic molding compounds to improve the impact toughness.

Typically, there are two possibilities for increasing the fiber length in molded parts:
First, using a semi-finished material, such as a long fiber granulate; or second, using a
direct process in which longer fibers are incorporated into the final part. This decision-
making process is a trade-off between the higher material costs of a semi-finished long fiber
material and the more complex manufacturing processes of a direct process, most of which
also involve a higher capital investment [18,19]. For fiber-reinforced thermoplastics, both
process routes are well established and are available from multiple material and machinery
equipment suppliers. However, in the case of phenolic molding compounds, neither long
fiber-reinforced injection molding compounds nor established long fiber injection molding
processes exist. Within this research paper, the development and the validation of a long
fiber injection molding process for thermosetting phenolic resins is described.

1.2. Long Fiber Injection Molding Materials and Processes

Thermoplastic long fiber granulates are available in a variety of different lengths,
typically ranging between s = 6 mm and s = 25 mm pellet length. Due to the pellet
manufacturing process, the maximum initial fiber length, i.e., the fiber length before taking
into account any process-induced fiber shortening, is limited to the size of the granulate [18].
The granulate size, in turn, is limited by the available dosing and feeding technology. For
phenolic resin matrix systems, no long fiber granulates designed for injection molding are
available on the market today. However, there are long fiber phenolic molding compounds
for compression molding applications. They have a plate-like shape and are available in
length classes of 5 mm, 12 mm, and 24 mm [20]. For compression molding applications,
it is claimed that impact strength values that are 10 . . . 20 times superior to conventional
short fiber phenolic molding [4], but these values were never reached in injection molding
trials by Saalbach et al. [21] and Raschke [22].

Several process variants with direct fiber feeding were developed for thermoplastic
materials [19,23–33]. In the injection molding compounder (IMC{ XE “IMC” \t “injection
molding compounder”}), a co-rotating twin screw extruder is combined with an injection
unit. The process was patented by Putsch [34] and first industrialized by KraussMaffei
Technologies GmbH. Continuous roving strands are pulled into the extruder, which is
coupled with the discontinuous injection process using a melt buffer. Besides the increase
in fiber length, the main advantage of the inline compounding process is lowering the
material costs. Due to the high capital investment costs and the responsibility for the
material formulation, it is mostly only used for high-volume applications [26]. Another
inline compounding process was developed by Composite Products, Inc. (CPI{ XE “CPI”
\t “Composite Products, Inc.”}). It combines a continuous compounding process with a
discontinuous injection process using a melt buffer [29]. The melting and compounding
tasks are divided between two single-screw extruders. In contrast to the IMC process,
the melt buffer and the injection unit are combined in one component. By using a check
valve in the piston head, the compounding extruder can fill the backside of the piston head
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during the injection and holding phase. After the holding phase, the material can flow
through the check valve to the other side of the piston head.

By conducting the melting and compounding discontinuously, matching the injection
molding cycle, no melt buffer is required. This reduces the capital investment costs and
makes the direct compounding feasible for lower-volume applications. The direct com-
pounding injection molding (DCIM{ XE “DCIM” \t “direct compounding injection molding”})
process, invented by Exipnos and KraussMaffei Technologies, couples a single screw com-
pounding extruder with a traditional injection molding machine [30]. In the compounding
extruder, the molder can tailor the material according to his needs by adding fibers, fillers,
and other additives to the thermoplastic polymer. In the DIF{ XE “DIF” \t “direct incorpora-
tion of continuous fibers”} process (direct incorporation of continuous fibers), invented by
Truckenmüller at the University of Stuttgart, continuous fibers are directly pulled into the
screw of the injection molding machine [23,25]. Mixing elements on the injection molding
screw are required for obtaining good fiber dispersion. The mechanical properties of the
produced samples are comparable to conventional long fiber granulate. Another direct
process for the injection molding of long fiber-reinforced thermoplastics was developed
by Arburg GmbH & Co. KG in cooperation with SKZ Kunststofftechnik GmbH. In this
process, called fiber direct compounding (FDC{ XE “FDC” \t “fiber direct compounding”}),
the unreinforced thermoplastic granulate is passively pulled into the screw and melted,
such as in a conventional injection molding machine [31–33]. In contrast to the DIF process,
the continuous fibers are cut to a selectable length of L = 2 mm . . . 100 mm using a fiber
chopper and are fed to the injection molding machine via a twin screw sidefeed. Since the
injection molding is a discontinuous process, the fiber feed is coordinated with the screw
movement via the machine control system. At the position of the fiber feed, the screw core
diameter is reduced to facilitate the incorporation of the fibers.

1.3. Fiber Shortening and Fiber Length

Using the adhesion between fiber and matrix τint, the fiber diameter D, and the
tensile strength of the fiber σF, the critical fiber length Lc can be calculated according to
Equation (1) [35].

Lc =
DσF

2 τint
, (1)

which is considered the minimum fiber length that is required for fully utilizing the
reinforcement potential of the fibers. A fiber length L < Lc still leads to a reinforcing effect,
but does not fully utilize the available potential. Literature values for the critical fiber length
Lc in glass fiber-reinforced phenolic molding compounds vary between Lc= 2 mm [36] and
Lc= 8 mm [37].

During the injection molding process, the fibers are subjected to high mechanical loads,
causing fiber damage and breaking. Three distinct mechanisms for fiber shortening are
identified [15,38–40]. First, fluid–fiber interactions are caused by viscous forces transferred
from the polymer matrix into the fibers. For example, Gupta et al. [41] found in their study
on the fiber length reduction of glass fiber-reinforced polypropylene, that a thin polymer
film is initially formed on the surface of the screw and barrel wall when the matrix is
melted. In this region, fibers that are anchored on one side in solid granulate are exposed
to the shear flows of the molten polymer, which can lead to flexural failure of the fibers.
According to their calculations, forces can occur that lead to fiber damage by buckling.
Second, fiber–fiber interactions can be caused by fiber overlap. The amount of fiber–fiber
interactions increases with increasing fiber content and increasing fiber length [42]. At the
junction points of two overlapping fibers, the contact forces cause bending deformation
of the fibers, which might lead to fiber breakage. Third, fiber–wall interactions happen at
contact locations to machine parts. This is visible by the abrasive wear that can be found
on the screw, the barrel, and other machine parts.

Agglomerations and fiber bundles reduce the overall extent of the fiber shortening,
resulting in a higher average fiber length compared to well-homogenized parts. Opening
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the fiber bundles works in the same way as breaking the fibers. Truckenmüller [43]
investigated the opening of fiber bundles in the DIF process and concluded that fiber
bundles can be treated as a single fiber with a larger fiber diameter and therefore a smaller
L/D aspect ratio. This underlines the conclusion that fiber bundle opening is not possible
without fiber shortening: Once the fiber bundle is opened, the aspect ratio of the individual
fiber is significantly larger than the aspect ratio of the bundle from which the fiber originated.
If the fluid forces are high enough for opening the fiber bundles, they likely will be
high enough for shortening the individual fiber. An indicator for judging the existence
of agglomerations and the degree of dispersion quality is the FLD ratio (fiber length
distribution{ XE “FLD” \t “fiber length distribution”}) defined by Meyer et al. according to
Equation (2) [44].

FLD =
Lp

Ln
(2)

The average fiber length Ln and the weighted average fiber length Lp can be calculated
according to Equations (3) and (4). Li is the length of the individual fiber i. The weighted
average fiber length is the second moment of the fiber length distribution and is generally
considered to be more descriptive because it has a higher emphasis on long fibers [45].

Ln =
∑n

i=1 niLi

∑n
i=1 ni

(3)

Lp =
∑n

i=1 niL2
i

∑n
i=1 ni

(4)

Meyer et al. calculated a theoretical value of FLD = 1.44 for a fiber break in the middle
due to viscous forces on the fibers. Once this value is reached, no further breakdown of the
fibers due to fiber–fluid interactions shall occur.

1.4. Data Acquisition during the Injection Molding Process

With modern data acquisition technologies, the quantification of energy input into
the polymer during plasticization and injection is possible. This is particularly important
for reactive thermoset materials, such as phenolic resins. The screw torque during the
plasticizing process MPlast was monitored and analyzed by several authors. According to
Rauwendaal [46], it is a good measure to quantify the mechanical power consumed by the
extrusion process. For hydraulic injection molding machines, this plasticizing torque is
typically calculated by measuring the pressure drop ∆pHydr over the screw drive according
to Equation (5).

MPlast =
∆pHydrηHydrVDrive

20π
, (5)

Using the hydraulic efficiency ηHydr and the hydraulic volume of the drive VDrive,
Scheffler et al. identified an initial decrease in plasticizing torque with rising moisture
content for phenolic molding compounds, followed by an increase towards very high
moisture content values [47]. The fundamental softening effect of water in the polymer
is the same for thermoplastics and thermosets, which explains the initial decrease in
plasticizing torque. However, due to the lack of a non-return valve, further increasing the
moisture content leads to a higher backflow during the injection phase for the thermoset
molding compounds, and consequently a higher number of fully filled screw flights. In
those fully filled screw flights, the molding compound is agitated and mixed during the
screw rotation, leading to the rise in plasticizing torque [47]. In general, Scheffler [48]
concludes that the plasticizing torque for thermosetting molding compounds is influenced
by multiple factors, but has a strong correlation to the backflow during the injection
phase. Several authors [49,50] used the injection work WPlast, which is the integral of the
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plasticizing power PPlast, as a measure for the total energy input into the polymer during
the plasticization phase, see Equation (6).

WPlast =
∫ PlEnd

PlSt
PPlastdt =

∫ PlEnd
PlSt

(MPlast ×ω)dt

= 2π
∫ PlEnd

PlSt
(MPlast × n)dt

(6)

In Equation (6), MPlast is the plasticizing torque and n is the screw rotational speed. For
a standard injection molding process using thermoplastic materials, Kruppa [49] observed
an increase in the plasticizing work with increasing screw speed. This increased energy
input leads to a stronger shortening of glass fibers, as described by Truckenmüller [43].
With increasing plasticizing work, fiber length asymptotically approaches a threshold value,
which appears to be independent of initial fiber length and glass fiber content. A similar
approach to quantify the energy input into the material during the injection phase of the
process is the calculation of the injection work WInj, which is the integral of the injection
force FInj over the injection distance s according to Equation (7).

WInj =
∫ InjEnd

InjSt

FInjds = APiston

∫ InjEnd

InjSt

pHydr.,Injds (7)

Lucyshyn et al. [51], as well as Schiffers [52], use the injection work as a measure for
viscosity changes of thermoplastic polymers during the process, e.g., due to a change in
moisture content. A higher moisture content leads to a lower viscosity and consequently
to a lower injection work. The injection work is also used as a control parameter for the
injection process by several authors. Woebcken [53] described a method to compensate
for changes in the material and/or the machine and mold setup by adjusting the screw
movement during injection to reach a specific, previously defined injection work value.
Cavic [54] used the injection work for judging the reproducibility of the injection molding
process. All cited works deal with thermoplastic materials. The usage of the injection work
to evaluate the curing state of the material in the thermoset injection molding processes is
not yet reported.

As outlined above, no process for the direct feeding of long glass fibers into the injec-
tion molding process for thermoset resins in general and for phenolic resins in particular
exists in the state of the art. In this paper, the development of such a process is described.
An essential part of the process development and a significant addition to the state of the
art is the application of a novel screw mixing element for the injection molding of fiber-
reinforced phenolic resins. The machine process data are analyzed and used for the process
development by calculating the injection and plasticizing work. By means of the structural
and mechanical properties of the molded parts, the long fiber injection molding process is
evaluated and compared to the state-of-the-art processing of short glass fiber-reinforced
phenolic molding compounds.

The methods and the results that are presented within this paper were partially pub-
lished in earlier publications by the authors. In publication [55], the method development
for the fiber length measurement is described in detail. For the present paper, this mea-
surement method is used to generate the fiber length distribution results. The results
themselves are not published yet. The publication [56] describes the process development
for the twin screw extruder compounding of the short glass fiber-reinforced phenolic
molding compounds. The compounds that were manufactured according to this method
constitute the basis for the new experimental investigations and process data analyses
that are presented here. In small extracts, the results of the material characterization were
presented at conferences [57,58]. This paper is a comprehensive presentation of both the
process development and the material characterization results.
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2. Materials and Methods
2.1. Materials

The phenolic molding compound used within this work is based on the Vyncolit®

X6952 short glass fiber-reinforced compound by Sumitomo Bakelite (Gent, Belgium). The
material has a tailored composition of short glass fibers (SGF) and long glass fibers (LGF).
The SGFs of the type DS5163-13P with a diameter of D = 13 µm were sourced from 3B
fibreglass (Hoeilaart, Belgium) and added to the molding compound in fractions between
φ= 0 wt.−% and φ= 30 wt.−% by a twin screw extruder compounding on a lab scale ex-
truder with a screw diameter of d = 27 mm (Leistritz Extrusionstechnik GmbH, Nürnberg,
Germany). The powdery resin components were melted in the first zones of the extruder
by the barrel heating and by a screw kneading zone. Further downstream, the glass fibers
were fed into the molten resin by using a sidefeed. A second kneading zone was used for
opening the chopped fiber bundles. After leaving the extruder, the compound was cooled
and granulated by using a cutting mill (Hosokawa Alpine, Augsburg, Germany). The
method for controlling the energy input into the phenolic resin during the compounding,
which was developed by the authors, is described in detail in the publication [56]. In publi-
cation [56], the detailed screw layout and the barrel temperature profile are presented. For
the LGF, the Tt = 2400 tex direct roving 111AX11 with a filament diameter of D = 17 µm
by 3B Fibreglass was used. The nomenclature of the material formulations follows the
scheme PF-SGFx-LGFx. The variable x indicates the fiber weight content φ of the short or
long glass fibers. Figure 1 gives an overview of the variations that were conducted. For
selected material formulations, additional process and material variations were conducted.
They are marked by the symbol and line styles in Figure 1.

Polymers 2022, 14, 2890 6 of 24 
 

 

2. Materials and Methods 
2.1. Materials 

The phenolic molding compound used within this work is based on the Vyncolit® 
X6952 short glass fiber-reinforced compound by Sumitomo Bakelite (Gent, Belgium). The 
material has a tailored composition of short glass fibers (SGF) and long glass fibers (LGF). 
The SGFs of the type DS5163-13P with a diameter of D = 13 μm were sourced from 3B 
fibreglass (Hoeilaart, Belgium) and added to the molding compound in fractions between 𝜙 = 0 wt.-% and 𝜙 = 30 wt.-% by a twin screw extruder compounding on a lab scale ex-
truder with a screw diameter of d = 27 mm (Leistritz Extrusionstechnik GmbH, Nürn-
berg, Germany). The powdery resin components were melted in the first zones of the 
extruder by the barrel heating and by a screw kneading zone. Further downstream, the 
glass fibers were fed into the molten resin by using a sidefeed. A second kneading zone 
was used for opening the chopped fiber bundles. After leaving the extruder, the com-
pound was cooled and granulated by using a cutting mill (Hosokawa Alpine, Augsburg, 
Germany). The method for controlling the energy input into the phenolic resin during the 
compounding, which was developed by the authors, is described in detail in the publi-
cation [56]. In publication [56], the detailed screw layout and the barrel temperature pro-
file are presented. For the LGF, the Tt = 2400 tex direct roving 111AX11 with a filament 
diameter of D = 17 μm by 3B Fibreglass was used. The nomenclature of the material 
formulations follows the scheme PF-SGFx-LGFx. The variable x indicates the fiber weight 
content 𝜙 of the short or long glass fibers. Figure 1 gives an overview of the variations 
that were conducted. For selected material formulations, additional process and material 
variations were conducted. They are marked by the symbol and line styles in Figure 1.  

 
Figure 1. Material and process variations. 

For this paper, the focus will be on material formulations with a total fiber content of 𝜙 ≈ 30 wt.-%, which are positioned on the diagonal in the bottom left of Figure 1. 
  

Figure 1. Material and process variations.

For this paper, the focus will be on material formulations with a total fiber content of
φtot ≈ 30 wt.−%, which are positioned on the diagonal in the bottom left of Figure 1.

2.2. Long Fiber Thermoset Injection Molding Process

The long fiber thermoset injection molding process enables a flexible combination of
SGF and LGF by separating the two mass flows (see Figure 2).
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Figure 2. Process scheme of the long fiber thermoset injection molding process [57].

The SGF are gravimetrically fed as a part of the phenolic molding compound, whereas
the LGF are chopped from the continuous rovings. Both mass flows are fed into the plasti-
cizing unit with a twin screw sidefeed. The injection molding screw is a conveying screw
with an interchangeable screw tip, which allows for the adaption of either a conventional
conveying geometry or a newly designed, thermoset specific Maddock mixing element,
which is shown in Figure 3a.
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The mixing element is set apart from a conventional Maddock mixing element by
three distinct geometrical features. First, the inlet channels have a gradual slope at their
ends to facilitate the flow of material and to avoid material accumulations. Second, the
thermoset Maddock mixing element has an edge fillet on the mixing flight, which results
in additional elongational stresses on the material when passing through the shear gap.
The third main feature is the reversed positioning of the mixing flight and wiping flight
compared to the state of the art; traditionally, the pushing flank is also the wiping flank of
the mixing element. Since thermoset molding compounds only start to melt in the foremost
screw flights under the influence of screw flank pressure, the material close to the pushing
screw flanks is molten, whereas the material distant from the screw flanks might still be
granular [59]. If the molding compound entered a traditional mixing element in such a
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state, the granular fraction would be pushed through the shear gap, possibly blocking it.
The thermoset-specific design ensures that only molten material enters the shear gap.

2.3. Injection Molding Parameters

During all injection molding trials with the long fiber process variants, rectangular
plates with a size of 190 mm × 480 mm and a thickness of h = 4 mm were molded. The
plates were filled via a central sprue with a diameter of d = 15 mm by using a KraussMaffei
550/2000 GX injection molding machine (KraussMaffei Technologies GmbH, Munich,
Germany), which has a screw diameter of d = 60 mm and a maximum clamping force of
F = 5500 kN. The basic specifications are given in Table 1. After molding, all plates were
post-cured according to the temperature cycle in Figure 4.

Table 1. Specifications of the KM 550/2000 GX injection molding machine.

Specification Value Unit

Screw diameter 60 mm

Max. plasticizing volume 792 cm3

Number of cylinder heating zones 4 -

Max. injection pressure 2420 bar

Max. injection speed 848 cm3/s

Clamping force 5500 kN
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2.4. Material Characterization

The test specimens were cut out of the molded and post-cured plates by waterjet
cutting according to the cutting patterns shown in Figure 5a,b. A waterjet cutting machine,
iCUT water SMART (imes-icore GmbH, Eiterfeld, Germany), was used.
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Figure 5. Cutting pattern for waterjet cutting of test specimens.

The quasistatic mechanical testing was carried out according to the technical stan-
dards of DIN EN ISO 527-2 (tensile testing) [60] and DIN EN ISO 6603-2 [61] (instru-
mented puncture impact testing). After the mechanical testing, the fracture surfaces
were analyzed by using a Zeiss Supra 55VP instrument. For the overview images on the
left side of Figure 13, an acceleration voltage of U ≈ 10 kV and a working distance of
WD ≈ 28 mm were used. The detail images on the left side of Figure 13 were obtained with
U ≈ 3 kV . . . 5 kV and WD ≈ 7 mm.

The fiber length measurement procedure, as well as the validation investigations
regarding fiber damaging and selectivity towards longer or shorter fibers, are described in
detail by the authors in the publication [55]. In the first step of the measurement method,
a circular sample with a diameter of d = 25 mm was extracted from the molded plate
using waterjet cutting. A typical weight for such a sample is approximately m = 3 g.
Subsequently, the phenolic matrix was removed by means of pyrolysis at T = 650 ◦C for
a duration of t = 36 h under air atmosphere by using a LECO TGA 701 (St. Joseph, MI,
USA). The ash residue, which solely consists of the dry glass fibers, was transferred into
V = 1.5 L distilled water, and a small amount of acetic acid was added to support the
fiber dispersion. The suspension was subjected to t = 2 min in an ultrasonic bath to open
the fiber bundles. The fiber concentration in this suspension was too high for obtaining
an analyzable image, which is why further dilution was necessary. By transferring the
suspension into a dilution device for further down-sampling, this process can be conducted
in a repeatable and controlled manner. The dilution device consists of a beaker glass with a
capacity of V = 4 L and an outlet tap with a diameter of d = 10 mm attached to its side. A
propeller stirrer keeps the fibers distributed homogeneously within the suspension.

163



Polymers 2022, 14, 2890

The dilution and sample taking process steps are accomplished by opening the outlet
tap and refilling the beaker with distilled water. Once the desired degree of dilution
was reached, measurement samples were taken through the outlet tap and transferred
to a Petri dish, which was then analyzed using the FASEP { XE “FASEP” \t “fiber length
measurement system (no abbreviation)”} system by IDM systems (Darmstadt, Germany). The
cropping of the image and thresholding were done manually, but the fiber detection was
done automatically using the algorithms provided by the FASEP system. Per Petri dish,
approximately n = 3000 (long fiber molding compound) to n = 6000 (short fiber molding
compound) fibers were measured. To reduce the influence of the variation in the sample
taking, it was repeated at least four times per specimen.

3. Results
3.1. Process Development

Figure 6 shows the injection pressure for a PF-SGF0-LGF30 formulation on the left
side (a), and for a comparable short fiber formulation (PF-SGF28.5-LGF0) on the right side
(b). Both materials were molded with both screw geometries. Using the conveying screw
produces a pronounced pressure peak at the beginning of the injection stroke. The pressure
requirement for the rest of the injection stroke is rather constant or slightly decreasing.
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In contrast, the mixing element has a significantly lower initial pressure peak and
a lower pressure requirement during the filling phase. Towards the end of the injection
stroke, the pressure rises sharply until the switchover point to the holding pressure is
reached. When comparing the two different plasticizing screw speeds n = 40 1/min
and n = 70 1/min for the PF-SGF0-LGF30 material formulation and the mixing element
(Figure 7a), the higher screw speed results in a tendentially lower initial pressure peak.
During the remaining injection stroke, no clear distinction between the two screw speeds
can be observed.

For the same material formulations as above, Figure 7 shows the screw position
during injection and plasticizing. The total material throughput Q, which is adjusted by
the peripheral devices (gravimetric loss-in-weight feeder and fiber chopper), approaches
as close to the maximum possible feeding rate as possible, so that the plasticizing time
is minimized.

For the long fiber formulation PF-SGF0-LGF30 in Figure 7a, the mixing element leads
to a smoother screw movement with less scattering than the conveying geometry. To a less
pronounced extent, this is also valid for the short fiber formulation PF-SGF28.5-LGF0.
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Figure 7. Screw position for LGF and SGF formulations with conveying and mixing screw.

The characteristic values plasticizing work and injection work are used for the eval-
uation of the process stability and to determine the process limits of the long fiber direct
injection molding process. In contrast to a conventional injection molding process, in
which the screw is flood fed by pulling the granulate out of the material hopper, the long
fiber direct injection molding process offers the possibility to starve feed the screw due
to the adjustability of the material feeding rate. The material throughput, and therefore
the plasticizing time, is defined by the mass flow provided by the gravimetric dosing of
the granulate and the cutting speed of the fiber chopper. It is independent of the screw
speed, which means that the screw speed can be used as a parameter for influencing the
mixing quality and the energy input into the material. Figure 8 shows the plasticizing and
injection work for a parameter study by using a PF-SGF0-LGF30 material formulation and
the screw mixing element. Over the course of 13 injection molding cycles, the screw speed
was increased from n = 30 1/min to n = 120 1/min.
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For each injection molding cycle, Figure 8 shows the plasticizing work and the cor-
responding injection work. For the first cycle 0, the material was plasticized in manual
mode, which is why no plasticizing work was recorded by the machine. The increase in
plasticizing work with increasing screw speed is clearly visible. Up to a screw speed of
n = 80 1/min, both work integrals remain stable at the respective screw speed increments.
For the highest screw speed value n = 120 1/min, the injection work rises despite a constant
plasticizing work. The cycle 12 was the last moldable part of this parameter study. Despite
reducing the screw speed to n = 60 1/min after recognizing the instability of the process,
the plasticizing work increased dramatically, and no injection was possible due to a curing
of the material on the mixing element.

Figure 9 shows the plasticizing work and the injection work of a process stability study
using screw speeds of n = 40 1/min and n = 70 1/min. For both parameter combinations,
respectively, 10 (trial number 1) and 9 (trial number 2) injection molding cycles were
performed after a stable process was established.
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For both screw speeds, the plasticizing work is stable. The effect of the increased screw
speed on the plasticizing work and the injection work is in accordance with the values
measured during the parameter study shown in Figure 8.

The plasticizing work was analyzed for both the mixing element and the conveying
screw for several material formulations (see Figure 10).

For the conveying screw geometry, a clear increase in plasticizing work with increasing
fiber content is visible. This is valid for short glass fiber (SGF), long glass fiber (LGF) and
combined (PF-SGFx-LGFx) material formulations. In contrast to the conveying screw
geometry, no clear correlation between the fiber content and the plasticizing work can be
drawn for the mixing element. The mixing element causes an overall significantly higher
plasticizing work. Formulations containing long glass fibers require a significantly higher
plasticizing work compared to formulations with only short glass fibers.
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As noted above, the allowable material throughput had to be adjusted based on the
material formulation. Lowering the throughput was required for higher fiber contents and
longer fiber lengths. With both factors, the apparent density of the granulate–fiber dry
blend decreases and the shear energy input during plasticizing increases. This means that
less material is pulled into the screw per screw rotation (apparent density), and at the same
time, the screw rotational speed must be decreased (to keep the shear energy input of the
mixing element in a controllable range and to avoid overheating). Both aspects result in an
increase in plasticizing time. For long glass fiber materials with L = 5 mm fiber length, up
to φ= 60 wt.−% is possible with the conveying element, whereas only φ= 44.5 wt.−%
can be molded with the mixing element before the plasticizing time exceeds the heating
time. Plasticizing times that exceed the heating time are undesirable because of the long
contact time of the machine nozzle to the hot mold.

3.2. Mechanical Properties

For evaluating the effect screw mixing element on the mechanical proper, the focus of
this section will be on the formulations with a fiber content of φ= 30 wt.−% and an initial
long glass fiber length of L = 5 mm. Figure 11 shows the tensile strength parallel (0◦) and
perpendicular (90◦) to the flow of material.

Switching from the conveying screw geometry to the Maddock mixing element signifi-
cantly increases the tensile strength for all formulations and for both specimen orientations.
Increasing the plasticizing screw speed when using the mixing element leads to a further
increase in tensile strength for the PF-SGF0-LGF30 formulation in 0◦ orientation. For the
other formulations and orientations, the change in tensile strength with increasing screw
speed is within the standard deviation of the measurement. For most material formula-
tion and process parameter combinations, the scattering of the measurement results also
increases when using the mixing element. While the positive effect of the mixing element
on the tensile strength is clearly visible from the measurement results, it must be noted
that the overall highest absolute strength value for the formulations with a fiber content of
φ= 30 wt.−% is still reached by the short fiber material PF-SGF28.5-LGF0.
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The direct comparison of samples with a total fiber content of φ= 30 wt.−% shows
that the formulations containing LGF profit the most from using the mixing element (see
Figure 12).
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presented in [57,58]).

Both for the PF-SGF0-LGF30 and the PF-SGF16-LGF14 material, the puncture impact
energy increases significantly when using the mixing element. An increase in screw speed
with the mixing element has no significant effect; the average value of puncture impact
energy decreases, but within the scattering of the measurement. Compared to the SGF
material, both formulations that contain LGF have significantly higher puncture impact
energy when using the mixing element.
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3.3. Scanning Electron Microscopy

Figure 13 shows a comparison between the PF-SGF28.5-LGF0 sample (conveying
screw) and the PF-SGF0-LGF30 sample (with conveying screw and mixing element). The
images show the fracture surface of unnotched Charpy impact test specimens with a
specimen orientation parallel to the flow of material, e.g., the flow of material is oriented
perpendicular to the plane of the image.
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Figure 13. SEM for SGF granulate and LGF direct process mechanical testing specimens.

The SGF material in Figure 13a shows a skin and core layer structure with a predomi-
nant fiber orientation in the specimen direction (e.g., 0◦ to the flow) on the two surfaces of
the specimen and a predominantly perpendicular fiber orientation (e.g., 90◦ to the flow of
material) in the core layer. The fibers are pulled out of the fracture surface with some resin
residues on the face sides of the fibers. The holes in the matrix created by pulling out the
fibers are frayed and irregular.

Comparing the LGF specimens manufactured with the conveying screw in Figure 13b
to the specimens molded with mixing element in Figure 13c shows a strong reduction in
the number of fiber bundles. The specimen manufactured with the conveying screw has a
very inhomogeneous fracture surface with fiber-rich bundle regions and resin-rich regions
where almost no fibers are present. By using the mixing element, the number of bundles is
reduced significantly and a more homogeneous distribution of the fibers across the sample
is achieved. Additionally, a skin and core layer structure becomes visible, which is not
detectable with the conveying screw setup. The overall visual impression suggests that the
fibers were shortened by using the mixing element.
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Analyzing the detail SEM images on the right side of Figure 13b,c shows that the fiber
surfaces are blank and smooth. Fibers that are pulled out of the fracture surface leave sharp
and well-defined holes in the matrix. The mixing element improves the dispersion of the
fibers and reduces the number of bundles, but no difference is observed regarding the resin
residue on the fibers. It is remarkable that a high number of fibers have resin residues
on their face sides; this indicates that the resin adhesion on the face sides is significantly
stronger than on the fiber circumference.

3.4. Fiber Length Measurement

The fiber length measurement results are shown in Figures 14 and 15. For all measure-
ments, the initial fiber length L0, the weighted average fiber length in the part Lp, and the
quotient FLD = Lp/Ln are given.

Polymers 2022, 14, 2890 17 of 24 
 

 

3.4. Fiber Length Measurement 
The fiber length measurement results are shown in Figures 14 and 15. For all meas-

urements, the initial fiber length 𝐿 , the weighted average fiber length in the part Lp, 
and the quotient FLD = Lp/Ln are given. 

 
Figure 14. Fiber length measurement results for PF-SGF0-LGF30 (usage and extension of the results 
presented in [57,58]). 

For PF-SGF0-LGF30, the weighted average fiber length in the molded part is re-
duced from Lp = 1103 μm for the conveying screw tip to Lp, 40 1/min = 809 μm and to 
Lp, 70 1/min = 571 μm for the mixing element at n = 40 1/min and n = 70 1/min, respec-
tively. The fiber length measurement results show that the frequency of fibers in the 
length classes from L = 251 μm to L = 750 μm is the highest for the mixing element 
with the high plasticizing screw speed. For all classes L > 751 μm, the conveying screw 
tip results in the highest fraction. The cumulative frequency curves confirm these results. 
The ratio FLD = Lp/Ln is also reduced when using the mixing element.  

 
Figure 15. Fiber length measurement results for PF-SGF28.5-LGF0. 

Figure 14. Fiber length measurement results for PF-SGF0-LGF30 (usage and extension of the results
presented in [57,58]).

Polymers 2022, 14, 2890 17 of 24 
 

 

3.4. Fiber Length Measurement 
The fiber length measurement results are shown in Figures 14 and 15. For all meas-

urements, the initial fiber length 𝐿 , the weighted average fiber length in the part Lp, 
and the quotient FLD = Lp/Ln are given. 

 
Figure 14. Fiber length measurement results for PF-SGF0-LGF30 (usage and extension of the results 
presented in [57,58]). 

For PF-SGF0-LGF30, the weighted average fiber length in the molded part is re-
duced from Lp = 1103 μm for the conveying screw tip to Lp, 40 1/min = 809 μm and to 
Lp, 70 1/min = 571 μm for the mixing element at n = 40 1/min and n = 70 1/min, respec-
tively. The fiber length measurement results show that the frequency of fibers in the 
length classes from L = 251 μm to L = 750 μm is the highest for the mixing element 
with the high plasticizing screw speed. For all classes L > 751 μm, the conveying screw 
tip results in the highest fraction. The cumulative frequency curves confirm these results. 
The ratio FLD = Lp/Ln is also reduced when using the mixing element.  

 
Figure 15. Fiber length measurement results for PF-SGF28.5-LGF0. Figure 15. Fiber length measurement results for PF-SGF28.5-LGF0.

170



Polymers 2022, 14, 2890

For PF-SGF0-LGF30, the weighted average fiber length in the molded part is re-
duced from Lp= 1103 µm for the conveying screw tip to Lp, 40 1/min= 809 µm and to
Lp, 70 1/min= 571 µm for the mixing element at n = 40 1/min and n = 70 1/min, re-
spectively. The fiber length measurement results show that the frequency of fibers in the
length classes from L = 251 µm to L = 750 µm is the highest for the mixing element with
the high plasticizing screw speed. For all classes L > 751 µm, the conveying screw tip
results in the highest fraction. The cumulative frequency curves confirm these results. The
ratio FLD = Lp/Ln is also reduced when using the mixing element.

When using a pure SGF compound, the fiber shortening is less pronounced. For
both screw geometries, a fiber shortening of ∆Lp ≈ 80 µm . . . 100 µm compared to the
granulate takes place. No significant change in the ratio FLD = Lp/Ln occurs during the
injection molding process.

4. Discussion
4.1. Process Development

It was possible to run a stable injection molding process with the developed thermoset-
specific mixing element. In comparison to the conventional conveying screw geometry, the
process value scatter, both during the injection and the plasticizing phase of the process, is
reduced. The reduced process value scatter is especially visible for material formulations
containing long fibers. It is assumed that the shear gaps of the mixing element reduce the
backflow during the injection phase due to the flow resistance being higher, as compared
to the standard conveying screw geometry. This assumption is in accordance with the
findings of Kruppa et al. [62,63], who found that the small gaps of their mixing element act
comparable or superior to a standard non-return valve.

The increased plasticizing work input by the mixing element is visible from the
reduced pressure peak at the beginning of the injection stroke, which is typically attributed
to the cold plug in the nozzle. The lack of this pressure peak indicates that the material in
front of the screw is hotter and consequently has a lower viscosity and a less pronounced
cold plug. The increase in injection pressure requirement towards the end of the stroke
can be attributed to the advanced chemical reaction progress, which in turn results in an
increased viscosity.

It is deducted that the effect of backflow prevention accomplished by the mixing
element outweighs the backflow-increasing effect of the lower material viscosity. To investi-
gate the lower process scattering with the mixing element during the plasticizing phase of
the injection molding process, the back pressure and the screw position during plasticizing
is analyzed (see Figure 16).
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With the conveying screw geometry, the pressure that is required for melting and
homogenizing the compound is applied by the injection molding machine’s hydraulic sys-
tem. Especially for long fiber materials with a low apparent density, the injection molding
machine’s hydraulic system had difficulties maintaining a constant back pressure. It is
assumed that this scatter in back pressure resulted in the unsteady backward screw move-
ment. When using the mixing element, the pressure for melting is applied geometrically by
the reduction of the flow channel cross section in the shear gap of the element [64]. The
back pressure of the injection molding machine is only applied to compact the already
molten material in front of the screw. Consequently, the machine was able to maintain a
much more stable back pressure level and a steadier backward screw movement.

Based on the parameter study findings, an upper plasticizing work limit of
WPlast ≈ 400 kJ was set. The available data does not allow for a sharp distinction be-
tween a stable and an unstable process. This plasticizing work limit corresponds to a screw
speed limit of n ≈ 80 1/min . . . 90 1/min for a PF-SGF0-LGF30 formulation.

From the plasticizing times that were recorded with the mixing element and the
conveying screw, it is concluded that the short glass fiber formulations PF-SGFx-LGF0 can
be molded up to a fiber content of φ= 60 wt.−% with the mixing element. The underlying
assumption for this conclusion is that a plasticizing time that exceeds the heating time is not
acceptable. For long glass fiber materials with L = 5 mm fiber length, up to φ= 60 wt.−%
is possible with the conveying element, whereas only φ= 44.5 wt.−% can be molded with
the mixing element.

4.2. Structure and Properties

Switching from the conveying screw to the mixing element increases the plasticizing
work input, which leads to a stronger shortening of the fibers. In this regard, no difference
to thermoplastics was found. Most studies of thermoplastics state that the fiber length in the
molded part decreases with increasing screw speed, which is represented by the increased
plasticizing work. Moritzer and Bürenhaus [65] confirmed this for PP-GF, Lafranche et al.
drew the same conclusions for PA66-GF [66,67] { XE “PA66” \t “polyamide 6.6 with glass
fibers”}. As an exception to the general consensus, Rohde et al. [15] only found a slight,
but not statistically significant shortening effect of the screw speed for PP-GF. While a
stronger fiber shortening for higher plasticizing work values is observed for the long fiber
formulations, this is not the case for the pure short fiber formulation PF-SGF28.5-LGF0.
No significant additional shortening of the fibers compared to the conventional conveying
screw is observed. Since the ratio FLD = Lp/Ln is also unaffected, it is concluded that
the slight fiber shortening is caused by abrasive wear on the machine surfaces and not by
breakage due to fluid forces.

In the SEM fracture surface images, a reduction of fiber bundle size and count is
observed when using the mixing element. The very small amount of resin residue on
the fibers indicates a very weak fiber–matrix adhesion for the specimens manufactured
in the long fiber direct process. For manufacturing those samples, the LGF of the type
111AX11 [68], with a 2400 tex roving size, were used. The fiber type was chosen based on
recommendations by the fiber and the resin suppliers. In fact, the same fiber type 111AX in
a 1200 tex size is used for manufacturing the commercially available long fiber granulate
PF-SGF0-LGF55 [69]. For this reason, the weak fiber–matrix adhesion for all the long fiber
specimens is surprising. The SEM investigations also show the typical three-layer setup
of the parts, consisting of two skin layers with fibers oriented in the direction of the flow
and a core layer with perpendicular fiber orientation [70]. This structure could be observed
for the materials with a high homogeneity. If many bundles are present, no distinct skin
and core structure is visible. Instead, fiber bundles with a predominantly perpendicular
orientation characterize the structure.

It is remarkable that using the screw mixing element leads to a higher fraction of
the skin layer, which consequently leads to a higher fraction of fibers oriented parallel to
the direction of the material flow. The process development results show that the mixing
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element and the screw speed both increase the plasticizing work, i.e., the energy input into
the resin during plasticization. This likely results in a further advance in the resin’s curing
process. The formation of the skin layer happens by the incremental curing of the resin on
the surface [71]. Englich [70] found out that higher mold temperatures and longer injection
times result in a thicker skin layer, because the incremental curing on the mold surface is
either quicker (higher mold temperature) or has more time (longer injection time). For this
reason, the conclusion that a higher plasticizing work also causes a thicker skin layer is
drawn, because the resin’s curing is progressed further, which consequently facilitates the
incremental final curing on the hot mold surface. The skin layer fraction is also plausibly
the reason why the mechanical properties of the SGF and LGF profit more in 0◦ orientation
than in 90◦ orientation when using the mixing element.

The results of the puncture impact testing clearly show that the absorbed impact
energy increases with increasing LGF content and is further improved by using the mixing
element. The puncture impact specimens have a diameter of d= 60 mm, which means that
a large area is mechanically stressed during the testing. The LGF are likely better capable
of distributing the load into this bigger area than the SGF.

5. Conclusions

With the developed long fiber direct thermoset injection molding process, a significant
increase in the fiber length in the molded parts was achieved. The average weighted
fiber length was up to four times higher than the state-of-the-art short fiber-reinforced
phenolic resins, resulting in values in the range of Lp= 500 µm . . . 1100 µm. While this is a
significant improvement, it remains significantly below the literature values for the critical
fiber length of Lc = 2 mm . . . 8 mm for the combination of phenolic resin and glass fibers.
A strong fiber shortening in the long fiber direct thermoset injection molding process from
the initial fiber length L0 = 5000 µm down to a weighted average fiber length in the range
of Lp= 500 µm . . . 1100 µm was observed.

In terms of the specific processing challenges presented for the long fiber thermoset
injection molding process, the plasticizing work input by the screw mixing element must
be carefully controlled to avoid overheating and curing. The characterization results
show that in the conflicting field between fiber dispersion and fiber length, the focus
must be on the good fiber dispersion in the phenolic matrix. Every mechanical property
characteristic that was investigated was increased by an improved material homogeneity,
despite the accompanying fiber shortening. Besides the glass fiber length, other structural
characteristics, such as the distinctiveness of the skin and core layer structure, are influenced
by the mixing element. The additional mixing energy input leads to a clearer development
of this structure, as well as to a tendentially higher skin layer fraction, which in turn leads
to a higher fraction of fibers oriented parallel to the direction of the flow.

The poor fiber–matrix adhesion reduces the expressiveness of some results. Despite
those restrictions, it is concluded that the central key to good mechanical properties is a
homogeneous distribution of the fibers in the phenolic resin matrix. This homogenization
is more important than the fiber length. With the successful process development and the
invention of the screw mixing element for thermoset molding compounds, future research
studies will now focus on more detailed material and process parameter variations.
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