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Abstract: The aim of the work was to assess the possibility of utilizing the waste generated in the
injection molding process for the production of new products based on polyamide 6 reinforced with
glass fiber. The manufactured samples were prepared with the addition of 5, 10, 15, and 100 wt.%
regrind from the runner system. The impact strength, tensile strength, and hardness of injection
products were obtained directly and were assessed after conditioning in distilled water for 24 h.
Moreover, the structure of the tested materials was assessed using the FTIR method and their thermal
properties using the DSC method. The results of the tests confirm that the addition of regrind up
to 15 wt.% to virgin polyamide does not adversely affect its impact strength, tensile strength, and
hardness. The water-conditioned materials showed higher values of impact strength but lower values
of tensile strength and Young’s modulus at a higher elongation at break. The obtained results are
important due to the assumptions of the circular economy and the minimization of the amount of
waste and material losses during the injection process.
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1. Introduction

Polymer materials have played an essential role in the development of modern society.
Due to the favorable material properties and affordable price, they have found applications
in many different sectors, from packaging and construction to electronics and agriculture [1].
Approximately 99% of the plastics produced today come from crude oil, and the packaging
industry alone uses over 38% of these plastics [2]. Unfortunately, it is estimated that
approximately 80% of the total plastic produced, i.e., 6.3 trillion tons of plastic, has been
thrown away [3]. These figures confirm the mismanagement of waste, the loss of resources,
and the growing ecological disaster. In order to prevent the loss of material resources
and environmental pollution, plastics management should be implemented in accordance
with the assumptions of the circular economy. The transition to a circular economy (CE)
should be implemented throughout the polymer materials processing chain to ensure
circular design, production, use, and disposal of waste [4]. Reducing the amount of
polymer plastic waste using recycled materials and reducing the carbon footprint using
raw materials from renewable sources are key activities in line with the circular economy.
The concept of sustainable development was enshrined in the Brundtland Report of the
World Commission on Environment and Development of 1987. Sustainable development is
defined there as development that meets the needs of the present without compromising
the ability of future generations to meet their own needs [5]. Basic recycling methods
include material, chemical, physical, biological, organic, and energy recovery [6]. However,
reducing the carbon footprint of the products can be achieved by increasing the durability
of the materials and using them in different product layouts by recycling the material flow
in an open loop. One solution is to use recycled materials, such as mechanically recycled
regrind, instead of virgin materials [7].
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Depending on the application, different grades of polyamide are available, for example,
PA6 and PA66, which account for around 90% of the world’s consumption of polyamide,
and PA11 and PA12 [8,9]. Polyamide 6 is most commonly used in automotive, electri-
cal/electronics, packaging, textiles, and consumer applications. The low heat deflection
temperature, high water absorption, and dimensional instability of pure PA6 limit its use
in elements requiring high thermal resistance. Therefore, it is used with various types
of fillers, such as stabilizers [10], long or short glass fibers [11], or flame retardants [12].
Polyamide reinforced with short fiber, due to its properties such as high strength, stiffness,
toughness, good resilience, dimensional stability, low tendency to creep, and chemical
resistance, is used in the automotive industry, construction, and for the production of
structural elements [13]. Among a wide variety of methods of thermoplastic processing,
injection molding is one of the most utilized. In essence, plastic pellets are plasticized by
the reciprocating screw in the barrel, and then, the melt is injected into the mold via cold or
hot runner systems ending with a gate-entrance to the cavity. Since it is not always possible
to use a hot runner system to minimize the waste, melted plastic is delivered to the mold
cavity by the sprue and cold runners, which often doubles the weight of the final product.

In Europe, the amount of plastic waste that was reprocessed in 2020 was only about
13% [14]. The polymer material obtained as a result of mechanical recycling can be classified
as regrind (raw material produced as a result of waste milling), regranulate (raw material
produced during extrusion without changing the chemical composition), and recompound
or regenerate (chemically modified raw material) [6]. Since resin prices can be as high as
3.30 euro/kg for PA6 [15], it is economically viable to reuse sprues in the form of regrind
without losing the mechanical strength or quality of the parts. An example of a cold runner
in the injection mold type is shown in Figure 1. The function of the cold runner is to
deliver the plasticized material to the cavities to produce the finished product [16]. Short-
fiber-reinforced thermoplastic polymers are often used in industry due to their variety,
recyclability, and low cost and cycle times associated with the injection molding process [17].
The characteristic waste of a runner in a cold runner system is shown in Figure 2. Therefore,
this work aimed to investigate the possibility of using regrind for the production of new
products with stable properties. The impact strength, tensile strength, and hardness were
assessed for the manufactured materials made of polyamide with glass fiber and different
regrind proportions. Moreover, the structure of the tested materials was assessed using the
FTIR method and their thermal properties using the DSC method. The obtained results
are important in promoting the assumptions of the circular economy and encouraging
manufacturers to use production residues during injection molding.

Figure 1. Cold runner injection mold type.
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Figure 2. The characteristic waste of a runner in a cold runner system.

2. Materials and Methods
2.1. Materials and Sample Preparation

Polyamide 6 (PA6) injection molding grade with 50% glass fiber and heat stabilized
under the trade name Promyde B300 P2 G50 (Nurel S.A, Zaragoza, Spain) was used in the
study. Promyde B300 P2 G50 has good flow properties combined with excellent mechanical
and thermal properties and can be used in automotive and electrical applications, especially
in long flow paths and thin-walled components.

The waste of cold runner systems remaining after the industrial injection process was
crushed with a low-speed granulator, and the regrind obtained during the process was
used to make a new series of products (Figure 3). The samples were produced using an
Engel Victory 50 injection molding machine. The injection molding temperature was 260 °C,
mold temperature = 40 °C, injection pressure = 675 bar, holding pressure = 420 bar, and
holding/cooling time = 6/15s.

(a) (b)

Figure 3. Virgin polyamide granules (a) regrind from runner systems waste (b).

Samples containing 0, 5, 10, 15, and 100% regrind, respectively, were produced and
described as OPA, 5PA, 10PA, 15PA, and rPA. The second series of samples were conditioned
for 24 h in distilled water and described as 0PAc; 5PAc; 10PAc; 15PAc; rPAc.

2.2. Methods

Fourier transform infrared (FT-IR) spectroscopy measurements were performed with
a Jasco FT/IR-4600 spectrometer (Tokyo, Japan) at room temperature (23 °C) in attenuated
total reflection mode (ATR-FT-IR) with 64 scans at a resolution of 4 cm™~!.

Differential scanning calorimetry (DSC) analysis was conducted using a Netzsch DSC
204F1 Phoenix (Selb, Germany). Polyamide samples weighing 10.0 &= 0.15 mg were placed
in aluminum crucibles with pierced lids, heated, and cooled in the range of 25-250 °C at a
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rate of 10 °C/min under an inert nitrogen atmosphere with two heating/cooling cycles.
The crystallinity level of the materials was calculated based on the following equation:

AHm

Xe= g
€= AHPAG @)

0

where: AHm is the measured melting enthalpy, AHPA is the theoretical melting enthalpy
of 100% crystalline PA6 (190 J/g) [18], and ¢ expresses the weight percentage of used filler.

The impact strength of the rectangular unnotched samples of 80 x 10 x 4 mm was
assessed by the Charpy method (ISO 179) at room temperature with a span of 62 mm.
In addition, during the test, the peak load was measured as the maximum force (Fmax).
A Zwick/Roell (Ulm, Germany) HIT 25P impact strength apparatus with a 5] hammer
was used.

In order to determine the values of tensile strength Rm [MPa], Young’s modulus E
[MPa], and elongation at breakage ¢ [%], a static tensile test was carried out in accordance
with DIN EN ISO 527-1. A Zwick Z020NT universal testing machine was used with a
tensile speed of 50 mm/min.

Rockwell hardness tests of samples were carried out using a Priiftechnik KB 150R
apparatus with 358 N. Shore D hardness was measured with a Sauter HBD 100-0 (Germany)
hardness tester in accordance with the PN-EN ISO 868 standard.

3. Results

Short-glass-fiber-reinforced polyamide 6 materials are widely used in the automotive
and construction industry where lightweight, creep resistance, stiffness, and durability
are required [19]. During the mechanical recycling of fiber-reinforced polymers, the ma-
trix material and fiber chains break, which can change the physical thermo-mechanical
properties or appearance of the finished product [20]. The length of the fibers may be
shortened during mechanical processing related to the grinding of residues. Therefore, the
original granulate and regranulate were burned in a muffle furnace at 600 °C to separate
the inorganic phase in the form of glass fibers. Figure 4 shows the structure of the glass
fibers in the pure granulate and in the granulate from the milled runner waste. It should be
emphasized that no significant shortening of the fibers in the regranulate was observed.
This allows the waste to be classified as raw material and the use of material recycling in
the production process. The average glass fiber length measured by optical microscopy
was 1.6 mm for virgin PA6 and 1.4 mm for regranulate PA6, respectively.
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" (b)

Figure 4. Glass fibers recovered from virgin PA6 (a) and regrind PA6 (b).

3.1. Fourier Transform Infrared Spectroscopy

Polyamide is a polymer with a chain structure in which individual hydrocarbon segments
are connected by amide bonds -CO-NH-. The abbreviation PA6 means a material obtained
from a lactam with 6 carbon atoms (caprolactam). Figure 5a,b show the absorption spectra
of the tested polyamides before and after conditioning. The most important changes in the
spectra in the range from 400 to 1800 cm~! and from 2600 to 4000 cm ™! were compared. All
characteristic peaks for PA6 can be observed. The peak at 3300 cm ! corresponds to the N-H
(hydrogen bond) stretch, and the peak at 3080 cm ™! corresponds to the N-H stretch bond [21].
The peaks at 2920 cm ! are ascribed to the CH, asymmetric stretching (at 2930 cm ™), and
2848 cm~! is ascribed to the CH, symmetric stretching (reported at 2850 cm~!). The peaks
between 2380 and 2310 cm ™! are from the CO, group [22].
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Figure 5. Cont.
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Figure 5. FTIR spectra of tested materials (a) unconditioned PA (b) conditioned PA.

The peak at 1640 cm ™! is assigned to the amide I band, and the peak at 1550 cm~! is
assigned to the amide IT band. The peak at 1460 cm ™! describes CH, scissoring vibration,
and the peak at 1365 cm ™! corresponds to CH, twisting bond. The moves of amide I peak
(1640 cm~1) and N-H stretching (3300 em™ 1) to a lower and higher wavenumber after
conditioning is caused by the enhancement of hydrogen bonding to the carbonyl group
and the weakening of average hydrogen bond strength to the N-H group, correspondingly.

3.2. Differential Scanning Calorimetry

The determination of the degree of crystallinity of crystalline polymers after thermo-
mechanical treatment is essential to understand its properties [23,24]. DSC analysis was
performed for virgin material and samples containing regrind. The thermograms recorded
during the first and second heating and the first cooling in the DSC test are shown in
Figures 6-8. The melting temperatures from the first and second heating (Tmy and Tmyy)
and temperature crystallization Tc from the first cooling cycle, as well as the melting en-
thalpy (AHmj and AHmypj) and the degree of crystallinity (Xcj and Xcyy), are summarized
in Table 1. The main endothermic peak related to the melting of the polymer material
as a result of the first heating cycle was observed at a temperature of approx. 227 °C. A
slight decrease in the melting point can be observed for conditioned samples, especially
for samples with a high content of regrind and regrind only (rPAc). A single peak at the
melting point (Tmy) of approximately 220 °C for all samples tested was observed in the
second heating cycle. The melting temperature variations were very small, confirming that
post-processing material can be recycled at constant process parameters like raw polyamide.
Furthermore, the crystallization temperature in all cases was similar and averaged 188
°C. A slight increase in the degree of crystallinity can be observed for the conditioned
materials both in the first and in the second heating cycle. The average Xcj value for the
unconditioned polyamide was 35% and, for the conditioned, 37%. However, the value of
Xy for the PA series was, on average, 25% and for PAc series 26%. No significant influence
of the regrind addition on the thermal properties of the tested materials was observed. This
proves that secondary material from post-production waste can be successfully used to
produce new products with stable thermal properties.
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Figure 6. DSC thermographs of the samples after first heating cycle: (a) polyamide samples before
conditioning (b) polyamide after conditioning.
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Figure 7. DSC thermograms of the samples after second heating cycle: (a) polyamide samples before

conditioning (b) polyamide after conditioning.
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Figure 8. DSC thermograms of the samples after first cooling cycle: (a) polyamide samples before
conditioning (b) polyamide after conditioning.
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Table 1. Melting Tm; and Tmy; and crystallization temperatures Tc, melting enthalpy, and crystalliza-
tion degree values of the investigated materials.

° AHmI o TCI o AHmH XCH

Name Tm; (°C) 0/g) Xcy (%) ©0) Tmy (°C) (/g) (%)
0PA 228.6 33.24 35.0 187.2 222.2 25.04 26.3
5PA 227.7 29.90 31.5 187.8 221.3 23.74 25.0
10PA 227.6 30.31 32.0 188.3 220.7 22.59 23.7
15PA 227.5 34.33 36.1 188.1 220.5 24.73 26.0
rPA 227.2 33.16 34.9 187.7 220.6 24.50 25.8
O0PAc 2274 36.76 38.7 188.6 220.3 26.83 28.3
5PAc 226.4 32.33 34.0 188.6 220.0 23.08 24.3
10PAc 225.5 34.25 36.1 188.4 221.2 25.77 27.1
15 PAc 227.1 35.91 37.8 188.8 219.7 23.40 24.6
rPAc 222.5 32.71 34.4 188.9 219.9 24.33 25.6

3.3. Impact Strength

The impact strength of polymeric materials is important due to the area of their
application. Polyamide reinforced with glass fiber is characterized by high rigidity and
dimensional stability, which allows it to be used in the production of responsible structural
elements. Moisture or water can affect the mechanical, physicochemical properties, and
dimensional stability of polyamide products [25]. Polyamide, in its structure, has polar
amide groups that can form hydrogen bonds with water molecules; therefore, conditioning
products in water after production significantly impact their properties [26]. The presence
of water between the polymer chains increases the mobility of the chain, causing the
effect of polyamide plasticization [27]. Therefore, stiffness and hardness after conditioning
are reduced [28]. Samples conditioned in water were characterized by higher impact
strength than unconditioned samples (Table 2). The average value of impact strength for
conditioned samples with regranulate and virgin samples was 66 k] /m? while for not
conditioned, 62 kJ/m?. Figures 9 and 10 show the characteristic curves of maximum force
versus displacement recorded during the unnotched Charpy impact test for the verified
materials. All tested polyamide samples were broken with a hammer blow in accordance
with the given measurement parameters. For the tested materials, a significant increase
in the maximum force that was needed to destroy the samples subjected to conditioning
can be observed. The occurrence of damage in a thermoplastic material containing short
fibers is most often caused by two factors: fiber matrix deboning and microcracks in the
matrix [29,30].

Table 2. Impact strength values of the tested materials.

N Impact Strength Impact Strzength Fmax Fmax

ame [kJ/m?2] (/m’] IN] NI
after Condition after Condition

0PA 61.5+1.2 675+ 1.2 1461 + 105 1925 + 90
5PA 62.4+2.0 66.7 1.3 1504 + 110 1901 + 80
10PA 62.1+15 66.5+ 1.4 1410 + 120 1919 + 85
15PA 622 +1.2 66.4+15 1450 + 125 1950 4+ 95
rPA 56.5 + 2.5 5744+ 15 1480 + 135 1690 + 98

Thomason also reports that conditioning the polyamide in hot water improves its
impact strength [31]. However, for samples produced 100% from the regranulate, a decrease
in impact value for both conditioned and not conditioned samples was observed. The
reason for the decrease in the impact strength of materials made of regranulate or regrind
may be degradation processes occurring during mechanical recycling and problems with
miscibility in the polymer blend [6]. The absorbed water in the amorphous phase of the
PA6 matrix can act as a plasticizer, leading to a reduction in the strength of the Van der
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Waals interactions. Therefore, as a result of conditioning, PA6 shows a loss of strength and
stiffness but gains an increase in macro strength [32]. The obtained results confirm that
materials containing up to 15% by mass of regranulate can be successfully compared with
products made of virgin materials because they do not show a drastic decrease in impact
properties. In addition, a beneficial effect of improving the impact strength by conditioning
the samples in water was observed.
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Figure 9. The load-displacement curves of the investigated materials.
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Figure 10. The load-displacement curves of the investigated materials after condition.

3.4. Tensile Strength

The results of the tensile test of the tested samples are presented in Table 3. All samples
broke brittlely during testing. The presence of glass fibers in the tested polyamide affects
its stiffness and brittle fracture. For materials with regrind content up to 15 wt.%, a slight
decrease in tensile strength was observed. However, the Young’s modulus values were
similar except for in the 15PA and rPA samples. The materials conditioned in water showed
lower values of tensile strength and Young’s modulus but higher elongation at break [33].
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Water can cause the polymer to swell and change its dimensional stability, stiffness, and
permeability. The moisture acts as a plasticizer that reduces entanglement and bonding
between molecular chains, thus, increasing their volume and mobility [31]. Therefore,
absorbed water also lowers the tensile modulus but increases the elongation at break [34].
Although a decrease in strength properties was observed, water conditioning reduced the
differences in the properties of the tested materials. Table 2 shows that the tensile strength
value for all tested samples after conditioning was similar and amounted to 177 MPa,
except for the rPA sample. Therefore, it is important to condition polyamide products
in water before using them. This allows them to obtain products with stable mechanical
properties and protects them against an uncontrolled decrease in properties that may occur
due to their use in conditions of increased humidity.

Table 3. Tensile test results of the investigated materials.

Tensile Young's c
Tensile Strength Young's . Modulus [%]
Name Strength [MPal Modulus [%] [MPal] after
[MPa] after [MPa] after Condition
Condition Condition
OPA 202 +1.8 177 £2.2 5800 £ 99 92403 5660 £ 60 95+02
5PA 193 £ 2.1 178 £1.9 5840 + 96 91+03 5520 £+ 95 9.4+02
10PA 195+ 1.8 177 £ 1.4 5650 + 97 91+0.2 5490 + 50 9.3+0.1
15 PA 195 £ 3.2 175+ 1.3 5520 £ 90 92+04 5450 £ 70 93402
rPA 179 £ 1.4 161 £ 2.1 5240 £+ 91 91+03 5260+110 9.2+£0.1

3.5. Hardness

The hardness values of the tested samples are presented in Tables 4 and 5. The
Rockwell hardness test is usually applied to measure hard polymeric materials such as
polyamide, polycarbonate, polystyrene, or polyoxymethylene. In this case, hardness is
described as the resistance to being permanently indented by a ball-loaded indenter. The
Shore D hardness tester has a sharp indenter tip and a spring with high stiffness; therefore,
it can also be used for hard polymers. The presence of filler particles such as glass fiber or
mineral fillers in the polymer matrix improves their hardness [35]. Therefore, commercially
available varieties of polyamide with glass fibers are characterized by a high hardness value.
Glass-fiber-reinforced polyamides may be used for housings, supports, industrial articles,
and electrical insulating parts. Polyamides exhibit high stiffness due to the presence of
hydrogen bonds formed between the amide and carbonyl groups, which, after conditioning
in water, are partially destroyed, resulting in a decrease in stiffness [36]. Therefore, a slight
decrease in the hardness of the tested materials was observed as a result of conditioning.
The average Shore-D hardness for virgin polyamide and polyamide samples with regrind
content was 63 and 60 after conditioning. In turn, the Rockwell hardness was at the level
of 165 for unconditioned samples and 161 for conditioned samples. For samples made
of 100% regrind, a decrease in Rockwell hardness was observed compared to the other
tested materials.

Table 4. Rockwell hardness values.

Rockwell Hardness

Name Rockwell Hardness after Condition
OPA 165 +£1 161 +£1
5PA 166 &= 1 160 =1
10PA 166 £+ 2 161 +£1
15 PA 165 +£1 161 +£1

rPA 162 £2 159 +£1
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Table 5. Shore-D hardness values.

Shore-D Hardness

Name Shore-D Hardness after Condition
0PA 64 +1 61 =1
5PA 63 +2 60 +1
10PA 63 +2 61 +1
15 PA 64 +2 60 =1
rPA 62+ 2 60+ 1

4. Discussion

According to [37], the global injection molded plastics market is estimated to grow
from 357.34 billion $ in 2021 to 476.46 billion $ in 2028 at a CAGR of 4.2% in the period
2021-2028. First, choosing the right parameters for the injection molding process, such
as melting point, mold temperature, injection pressure, pressurization, injection speed,
holding time, and cooling time, allows large-scale production of products with favorable
properties and minimal waste of resources [38]. Once the appropriate processing conditions
are established, and the energy losses during processing are limited, the next important
step is to reduce material losses [39]. Mechanical or secondary recycling involves the
reprocessing of plastic waste by physical methods. Most often, plastic waste is shredded,
washed, disinfected, and sorted mechanically according to the type of plastic. The main
disadvantage of this method is the deterioration of the product properties, mainly related
to the decrease in the molecular weight of the polymer after each cycle as a result of chain
scission [40]. Therefore, these studies were carried out to assess whether the introduction
of a small amount of regrind up to 15 wt.% adversely affects the mechanical properties of
the product. Only in the case of samples made of 100% regrind was a slight deterioration
of mechanical properties observed [41]. To sum up, the use of post-injection waste from
cold-runner systems and their return to the process allows for reducing production costs,
consumption of polymeric materials of petrochemical origin, and introduction of a circular
production system in the company.

5. Conclusions

The life of polymeric materials can be extended by recycling and reusing them. The
efficient use of plastic waste not only allows us to reduce the pollution of our planet but
can also bring benefits in the form of energy recovery. In this work, it was shown that
the introduction of regrind from cold runner system waste in the amount of up to 15%
for virgin polyamide does not affect the deterioration of mechanical properties such as
impact strength, hardness, and mechanical strength of the finished product manufactured
in injection technology. In addition, it was proven that conditioning polyamide products
in water has a beneficial effect on improving their impact strength and stabilizing tensile
strength values. There was no significant effect of the regrind addition on the thermal
properties determined by differential scanning calorimetry analysis of the tested materials.
This confirms that secondary material from post-production waste can be successfully used
to produce new products with stable thermal properties. It should be emphasized that these
studies are of great practical and economic importance for promoting the manufacture
of products with the use of post-production regrind. This allows producers to reduce
the costs incurred for purchasing raw materials and energy related to the production of
petrochemical polymers.
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