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ARTICLE INFO ABSTRACT

Keywords: The aim of this work is to investigate the performance variability of post-industrial (PIR) and post-consumer
Recycled recycled (PCR) polycarbonate acrylonitrile-butadiene-styrene (PC-ABS). In addition, necessary testing method-
Ec):l}/g;r ology for understanding polymer variation in recycled polymers are established. The thermal expansion

behaviour of all tested material were found to be similar and FT-IR testing revealed no conclusive evidence of
oxidative degradation. Both PIR and PCR exhibited similar levels of variation in mechanical properties compared
with prime samples, with the exception of elongation at break and quasi-static impact behaviour. In these two
tests, prime polymers showed lower variation and superior performance to both recycled polymers. The presence
of defects and changes in molecular weight were determined to be leading causes of the reduced deformability.
Our work contributes by identifying key areas where recycled PC-ABS show good potential as replacements for
neat PC-ABS. Furthermore, the work demonstrates methods for material testing against performance criteria to

Mechanical properties
Thermal properties
Variation

pave way for effective replacement of neat PC-ABS with its recycled counterparts.

1. Introduction

Plastics have become a contentious subject. They have become
ubiquitous in every aspect of our lives but in recent years came under
scrutiny due to a rising awareness of their polluting effect on the earth
and its oceans. Industries and consumers will continue to produce and
use plastics, respectively, so a collaborative effort should be made to find
ways to re-use manufactured plastic and increase their time of use. The
European Commission has set a strategy for plastics in a circular econ-
omy in 2018, announcing a goal of using 10 million tonnes of recycled
plastics in new products on the EU market by 2025 [1]. This work aims
to add knowledge to applications of recycled plastics in the automotive
industry which accounts for 10% or 5.1 million tonnes/year of plastic
demand in Europe [2].

Recycled plastics come in many forms. Post-Industrial Recyclates
(PIR) are by-products of manufacturing processes that can be re-used in
the manufacturing process [3]. Coming directly from production lines,
these residuals are easily sorted thus ensuring a low-cost, high quality
recycled material. It is important to distinguish PIR from in-factory scrap

material, which are by-products re-granulated and re-fed within the
manufacturing facility and not considered recycled content.
Post-Consumer Recyclates (PCR) are plastic scraps generated by con-
sumer end products that are collected by recycling plants and
re-purposed [4]. These have the benefit of being sustainable and widely
available but could suffer from inconsistent material compositions [3].
Polycarbonate/acrylonitrile-butadiene-styrene  (PC-ABS) blends
offer the most desirable properties of both components - the superior
strength and engineering performance of PC and the high toughness at
lower costs of ABS [5]. PC-ABS blends have found increasing use in the
consumer electronics and automotive industries due to their excellent
mechanical and thermal properties as well as good manufacturing pro-
cessability [6]. These blends typically have high toughness, excellent
ductility and impact toughness, good heat resistance and good melt
viscosity [7,8]. However, there are many barriers and considerations
that must be confronted to achieve a useful recycled polymer blend.
Polycarbonate is typically quite stiff but its processability is
improved through the addition of ABS and other additives. Studies have
shown that the rheological, mechanical and thermal properties change
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through several reprocessing cycles. Re-processing of these materials
can cause degradation, where shear and thermal forces during molding
can lower the molecular weight. These materials were found to have
lower T,, impact strength, elongation at break and ductility [9].
Reprocessing can also deteriorate any additives use to improve misci-
bility and processability as well as introduce micro-contaminants to the
blend. This, in addition to any degradation resulting from exposure to
light, heat or water during use leads to a decrease in performance which
is significant for companies concerned with product quality [10,11]. In
fact, many companies believe that recycled materials do not meet their
quantity and quality requirements and this issue could be regarded as a
concern in the eyes of the consumer [12].

There exist many studies on recycling both post-consumer [13-16]
and post-industrial PC-ABS blends [9]. As well as studies on possible
methods to improve the compatibility, miscibility and performance of
these blends [9,13-16]. However, to the best of the Authors’ knowledge,
there have been no detailed studies with larger sample sizes comparing
the variability of prime, PIR and PCR PC-ABS polymers. The variability,
or spread of values around the mean, of thermo-mechanical properties
are a critical consideration in the application of recycled polymers. This
is especially true within applications where reliability is essential; such
as in automotive components. This work investigates commercially
available prime, PIR and PCR PC-ABS where the suppliers have achieved
a comparable performance to the prime polymers in their recycled
blends. The aim is to quantify the levels of variation in prime and
recycled polymers and compare them using statistical tools. The work
will contribute by investigating the necessary methodology for under-
standing variability in thermo-mechanical properties of recycled poly-
mers and whether these pose an issue when considering them as
replacements for neat pristine polymers.

The approach taken has been to first characterize the polymers from
each batch to investigate any variations in degradation, defects, mo-
lecular weight and composition. The characterization methods that will
be used are ATR-FTIR, TGA, density, optical microscopy, SEM and
oscillatory shear rheology. This is followed by thermo-mechanical
testing to quantify the level of variation in each polymer type.
Thermo-mechanical properties to be analyzed are based on common test
routines for polymeric materials at Volvo Cars. These include tensile
behaviour, impact behaviour and coefficient of linear thermal expansion
(CLTE). Finally statistical tests in Levene’s test, ANOVA and t-test are
used [17-19]. Datasets are also checked for normality [20,21]. Levene’s
test is used to analyze differences in the variation of two data sets while
the other two are for analyzing differences in the mean values. Using the
proposed toolbox, determination of how recycled streams affect polymer
performance can be assessed.

2. Experimental

PC-ABS material with recycled PC content from two suppliers were
tested. Three batches of prime material from supplier 1 containing 50%
PC was used as the benchmark. An equivalent grade material from
supplier 1 with 50% PC, of which 90% are from recycled sources, was
compared. Three batches of PCR PC-ABS containing 70% PC content,
with all PC being from recycled sources, were obtained from supplier 2.
From supplier 2’s side, these three batches were chosen from batches
that have some variability in their melt volume-flow rate (MVR) and
Charpy impact tests, although still within standard tolerance limits.
Furthermore, redundant or leftover stock PC-ABS products were
reprocessed and added to batch PCR45. It is important to note that we
are interested in the differences in the levels of inter-batch and intra-
batch variation of prime, PIR and PCR materials. Comparisons of abso-
lute values between prime and PIR materials are of interest to us,
however the absolute values for PCR will be considered separately due
to their higher PC content. In Table 1, the production field indicates
whether the material has come from a production line (continuous) or
were produced in the lab on a smaller scale. The numbers displayed next
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Table 1
Given and assessed PC-ABS material compositions.
Recyclate Given Assessed Production Individual
Grouping Composition Composition® Labels
Prime 50% PC 49% PC Continuous Prime 94
Prime 95
Prime 96
PIR 50% PC 50% PC Lab Scale PIR 97
Lab Scale PIR 98
Continuous  PIR 99
PCR 27-28 70% PC 65% PC Continuous PCR 27
PCR 28
PCR 45 70% PC 55% PC Continuous  PCR 45

@ Estimated from density, inorganic residual <2% by TGA.

to the recyclate type are supplier product numbers and do not describe
any property of the material.

2.1. Polymer variation analysis

2.1.1. FT-IR

Analysis were made using Fourier-transform Infrared Spectroscopy
(FT-IR). Measurements were made in Attenuated Total Reflection (ATR)
mode in the Nicolet iS50 FT-IR with 16 scans and 4 cm™! resolution.
Environmental background was measured prior to every new sample
collection.

2.1.2. Density

Density measurements were performed in a Mettler Toledo AX204.
Small cuts of samples were cut from a plate and their weights were
measured in the instrument. Then, the volume of the cut sample was
measured by placing it into a sample holder in anhydrous ethanol.

2.1.3. Rheology

Rheological properties were determined using a Discovery HR-2
rotational rheometer. The measurements were carried out using a
plate-plate configuration with shear rate range of 0.1-100 rad/s at
200°C. A strain amplitude sweep was performed and 10% strain was
chosen as representative for the linear viscoelastic region. The soak time
was set at 20 s after which continuous oscillation occurred for 600 s.

2.1.4. Scanning electron microscope (SEM) and energy-dispersive X-ray
spectroscopy (EDS)

Measurements were conducted in a JSM-IT300 instrument at 15.0 kV
and 50 Pa vacuum pressure. Fracture surfaces were mounted onto a
conductive platform and analyzed without any coatings as images of the
surface were obtained with good resolution.

2.1.5. Thermal stability and filler content

Analysis was made using Thermal Gravimetric analysis (TGA).
Measurements used small cuts of polymer samples weighing approxi-
mately 20 mg. Measurements were performed in a Mettler Toledo TGA/
DSC 1 instrument. Experimental conditions were 25 °C/min, N2 flow
55.0 mL/min from 25°C to 600°C. Then, kept at 600°C for 5 min before
being heated up from 600°C to 900°C at a rate of 10°C/min with O flow
of 55.0 mL/min.

2.2. Thermo-mechanical characterization

2.2.1. Tensile properties

Three tensile parameters are chosen for analysis: Young’s modulus,
yield strength, and plastic onset. After initial experiments, it was
observed that the materials displayed an unusually high variation in the
elongation at break. Therefore, this was added as the fourth property for
analysis and is meant to give a measure of the materials’ tensile
toughness.
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Dog bone shaped samples according to ISO 527-2 model 1A were
used [22]. The samples had a thickness of 4 mm except for PCR28,
where samples of thickness 4.4 mm were received from the supplier.
Tests were performed in a Zwick Roell instrument equipped with an
optical extensiometer and a 10 kN load cell. The instrument set-up pa-
rameters were: gauge length of 50 mm, 10 N pre-load force, an initial
speed of 5 mm/min for young’s modulus determination, and secondary
speed of 50 mm/min from 1% strain onwards. The secondary speed was
used to ensure that samples break within a reasonable amount of time.
Experiments were performed at room temperature. Testexpert II soft-
ware was used for analysis and Young’s modulus was calculated from
0.25 to 1% strain using the secants method, plastic onset was taken as
0.2% plastic strain and yield stress can be obtained directly from the
program. The Young’s modulus was chosen at these two points to avoid
an equipment induced bump at 0.1% strain, and the wider range gave a
better consistency. The plastic onset was taken at 0.2% likewise, to
improve consistency by ensuring that the polymers are showing plastic
behaviour at the measured point. For determination of elongation at
break, the crosshead travel and the entire narrow section was used for
gauge length (80 mm). This was to account for strain occurring outside
of the optical extensiometer gauge length. At least 15 samples of each
batch were tested (with more samples tested where needed), with
exception of elongation at break where only 7 to 10 data points from
each batch were measured.

2.2.2. Impact

Fracture initiation energy is commonly used to evaluate the impact
performance of polymeric materials [23,24]. Two methods for evalu-
ating impact fracture behaviour were initially evaluated: falling-dart
and quasi-static testing. However due to inconclusive data from
falling-dart tests, the experimental setup and results of that method are
found in Appendix A.1. Experimental theory for both impact tests can
also be found in Appendix A.1.

Sample PC-ABS plates with a thickness of 2 mm were centered and
fixed between two 3 kg steel plates and secured with 15 N of force
through 4 bolts on each side of the sample. A dart with a diameter of 2
cm was slowly pushed into the center of the plate at a rate of 5 mm/min
until fractured.

2.2.3. Coefficient of linear thermal expansion (CLTE)

Dogbone tensile samples were first conditioned at 110°C overnight to
remove effects from residual stresses. Then, they were fixed onto a frame
as shown in Fig. 1. A piece of kevlar fiber was then glued to the far end of
the sample and looped around a high precision MTS extensiometer
(detection range of 15 mm). A small weight was attached at the end of
the looped kevlar to keep the fiber taut. Lastly, a temperature probe was
fixed onto the sample surface. The setup described was then placed in a
climate chamber and cooled to —30°C for 1.5 h. Then the temperature
was increased by 1°C/min to 110°C. The extensiometer and the tem-
perature probe are linked to a Dewesoft instrument where data from
both was logged at a rate of 1 Hz (1 point per second). Any expansion or
contraction of the sample pushed or pulled the kevlar fiber and was read
by the extensiometer. By plotting the change in displacement vs tem-
perature, a coefficient for linear thermal expansion can be calculated.
The equation used and subsequent results can be found in Appendix A.3.

2.3. Statistical analysis

Two different programs were used to run statistical analysis, Python
and IBM SPSS. Python was used to run the normality tests: D’Agostino’s
K-squared test [20] and the Shapiro-Wilk test [21] using the scipy.stats
module from the Scipy library [25]. SPSS was used to run ANOVA [18,
19], Levene’s test [17] and t-tests or the non-parametric equivalent
Welch’s t-test [19]. A confidence interval of 95% is used, meaning the
alpha value to compare resulting p-values is set at 0.05. Prior to analysis,
outliers outside of 3 standard deviations from the mean in data were

Polymer Testing 99 (2021) 107216

Fig. 1. Experimental setup for CLTE experiments.

removed.
3. Results and discussion
3.1. Composition assessment

Suppliers of the PC-ABS blends each gave three different batches of
each material, having properties within the acceptable threshold for
their production standards. As the ratio of PC to ABS heavily influences
the properties of the PC-ABS blend [5,26,27], preliminary steps to es-
timate the blend compositions were taken. Equation (1) can be used to
estimate the percentages of PC and ABS (Table 1) using the experi-
mentally measured densities of the different blends and the reference
densities of PC and ABS. PC and ABS have only partial miscibility which
has been shown to cause some deviation from the equation, but the
extent is less than 5% [27]. The inorganic content has been analyzed by
TGA to be less than 2 w% (see Section 3.8) and therefore, should not
affect the calculations.
1w, m 6
P P P

To ensure the validity of the density-estimated composition, another
test method was performed, in which the intensity of certain ATR-FTIR
peaks in PC-ABS can be correlated to the percent of PC in the blend [28].
The peak at 697 cm ™! is a characteristic peak of ABS (aromatic C-H out
of plane angular deformation) and was chosen as a reference, while the
intensity of the characteristic peak for PC at 829 cm ™! (aromatic C-H
angular deformation) [28] was used to compare PC to ABS ratios. These
two peaks were selected as they do not overlap between PC and ABS and
had lower baseline normalization errors due to being closer to each
other. They are also not affected by possible degradation products or
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other additives in the polymer blend [8,15,28].1

Fig. 2b shows a magnified image of this peak for PCR samples. Since
the intensity of the PCR45 PC peak is lower, we can conclude that there
is less PC in it than in PCR27-28. IR spectra and the PC peak intensities
for each sample can be found in Appendix A.4. The same comparison
was performed between the ABS 697 cm ™! peak and the more recog-
nizable PC 1775 cm ™ peak (C=O axial deformation) and the same
trends were observed (refer to Table A.6 in Appendix A.4). A correlation
between the PC-ABS IR peak intensity ratios and the blend density found
in experiments was used to estimate PC-ABS composition. Fig. 2a shows
that the correlation between the IR ratio and density is strong with an R-
squared value of 0.978.

Comparison between experimental and given densities from sup-
pliers indicates a good match, thereby providing support for the validity
of our methods. The PCR45 batch was significantly different however.
This batch was confirmed by the supplier to contain leftover stock PC-
ABS products. As a result, we expected PCR45 to behave differently
from the other PCR batches in thermo-mechanical tests and considered it
separately from PCR27-28 in tests.

3.2. Tensile results

Data collected for the prime, PIR and PCR27-28 and PCR45 samples
were grouped according to their recyclate types and PC to ABS ratio
(Fig. 3b). The data was analyzed using Levene’s test for homogeneous
variances and the t-test for mean variation. A statistically significant
difference in the Levene’s test can highlight intra-batch and inter-batch
variation. Table 2 summarizes the findings.

3.2.1. Comparisons of PIR against prime material

Levene’s tests for parameter variability showed that variation of
yield stress in PIR samples was the only parameter statistically different
from the prime. Moreover, deeper analysis showed that yield stress
variation in the prime material was greater than that of the PIR (Table 2
and Fig. 3a). In this parameter, all batches of prime material were
actually found to be statistically different from each other. Variation of
tensile parameters in PIR should therefore, not pose a problem in
practical applications.

Since PIR was designed as an alternative for the prime material, the
mean values of their tensile properties were also compared. A statistical
difference was found only in the mean plastic onset values. This differ-
ence was then investigated using the non-parametric version of
ANOVA.? Prime95 and PIR99 were found to be the upper and lower
bound respectively. As it is only between these two batches where a
statistically significant difference is found, the means of all the prime
and PIR samples are not so different. This is also observed in the box and
whiskers plot for plastic onset (see Fig. 9b in Appendix A.2).

In summary, PIR samples performed similarly to the prime materials
in the tested parameters and the slight differences should not affect the
overall performance.

3.2.2. Comparisons of PCR against prime material

Initial comparisons between the prime and the PCR material showed
a statistically significant difference in variance for every material
property. Due to the PCR batches including PC from consumer end-use
sources, we expected a higher variation in our results. However,
ANOVA tests on the whole PCR group showed that the results had been
affected by the behaviour of PCR45 due to its different PC to ABS ratio.
Therefore, we isolated the PCR45 in all further recyclate comparison

! This ratio does not correspond directly to the %PC/%ABS. A calibration
curve would be needed to interpolate the %PC/%ABS from the ratio.

2 This was done because some of the datasets were not normally distributed
and the sample sizes were not large enough to justify applying the central limit
theorem.
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tests.

After isolating batch PCR45 from the groupings and rerunning the
tests, the two groups (PCR27-28 and PCR45) still showed higher vari-
ation in Young’s modulus and plastic onset than the prime although to a
much smaller degree. The two properties suffered from high intra-batch
variation. The difference in variance in plastic onset was not found to be
statistically significant for the PCR27-28 group, yet remained significant
for PCR45. Furthermore, the variation of yield stress for both PCR27-28
and PCR45 were also found to be significantly lower than that of the
prime samples.

These differences are well visualized in Fig. 3a. While the variation of
Young’s modulus and plastic onset is higher in PCR27-28 compared to
the prime, this should not pose a problem in practical applications as the
variations are small in comparison to the parameter values. The larger
variation and drastic change in behaviour of the PCR45 however, may
require further matching of properties to design criteria. This also
demonstrates the importance of being able to identify such outlier
batches.

3.2.3. Elongation at break

Within elongation at break, many significant observations were
made (Fig. 3b). First, the ductility for the tested prime and PIR samples
were much higher than expected. Values for a 50% PC blend have been
reported to be 20% [27], 12% [26] and 20% [5]. Furthermore, it has
been reported that the elongation at break of PC-ABS blends decrease
with increasing ABS content. The minimum value was found at
approximately 50% PC [5,27] due to poor interphase interactions at this
composition [27]. In the mentioned literature, the elongation at break
for a 70% PC blend were 22% [27], 10% [26] and 22% [5]. From these
data, the elongation at break for a 70% PC blend should be similar to or
higher than for a 50% PC blend. Even after taking into consideration
their different manufacturers, the difference is still large enough to
warrant further investigation.

It can also be seen that recycled content has a significant effect on the
mean and variation of the elongation at break. The mean value for the
PIR samples is 15% lower than that of the prime while the standard
variation is 140% higher. Here, the difference in mean was not found to
be statistically significant while the variation was significantly different.
Similarly, PCR45 is also affected by its different recycled content
composition compared to PCR27-28. PCR45 exhibited a 46% higher
elongation at break and a 54% higher variation compared to PCR27-28.
The former is likely due to its lower PC content and the latter due to
higher contamination in the blend. Here, the mean difference was sta-
tistically different while the variation was not. Interestingly, the PCR27-
28 group displayed lower variation than the prime material. While this is
a positive result, the unusually low elongation at break could mean
defects or inter-phase interactions have caused all samples to fail right
after necking. As such, in later experiments, the fracture surfaces were
analyzed and the toughness in impact testing were also considered.

3.3. Fracture surface analysis

The fracture surfaces of prime samples studied under optical mi-
croscope were free of defects as shown in Fig. 4a;. However, defects
consisting of cavities or embedded particles of varying sizes are
observed in PIR and PCR samples. Observed defects were categorized
based on diameter into small: 100 pm, medium: 300-500 pm and large:
>700 pm .

The size of ABS domains within polymer blends are typically much
smaller at 5-10 pm [29,30] compared to defects observed in our sam-
ples. According to suppliers’ specifications, particles larger than 100 pm
are filtered out through a mesh. This rules out the possibility of the
defects being artifacts from larger contaminants in the blend. Therefore,
the larger defects can be ascribed to pull out of larger ABS domains. It is
hypothesized that a poor dispersion of the ABS domains led to the
agglomeration of the domains, resulting in the observed cavities upon
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Fig. 3. Comparisons of variability for all tested tensile properties (a). Tensile
properties of tested PC-ABS (b).

Table 2

Summary of results for Levene’s statistical tests for variance in tensile tests. All
entries are whether there is a statistically significant difference in variance when
compared against prime samples.

PIR PCR PCR 27-28 PCR 45
Young’s Modulus No Yes Yes Yes
Plastic Onset No Yes No Yes
Yield Stress Yes Yes Yes Yes

fracture. This could be a result of a change in the miscibility of PC and
ABS phases, or an ineffective dispersion during melt compounding.

PIR samples showed fracture surfaces similar to that of the prime
samples, albeit with some frequency of medium sized defects. However,
in some other cases (Fig. 4b), the PIR samples showed large defects
which likely acted as a point for fracture initiation and propagation.
Within the PCR samples (Fig. 4d), we observed much higher size and
frequency of all defects, especially in PCR45. Furthermore, we observed
fracture patterns around some of the small to medium sized defects as
seen in Fig. 4c. In some cases, these particles had remained in the cav-
ities after fracture and were observed to be shiny, metallic particles
(Fig. 4f).

Investigations with SEM and EDS revealed these particles to be

aluminum which is not an expected part of the PCR blend and are
possible contaminants from the manufacturing process, recycling pro-
cess or recyclate source according to the supplier (Fig. 4c). Additional
contamination from salts, clay and other particles such as titanium were
found in all recycled polymers.

The table in Fig. 4 summarizes the average number of defects found
in each sample. The higher frequency of defects found in the recycled
polymers are thought to be one of the primary causes for the lower
elongation at break in the tests as they can act as initiation points for
fracture. Where there is a consistently high occurrence of defects, as in
the PCR samples, then all the samples are likely to fracture after necking,
resulting in a much lower mean elongation at break and also a lower
variation. With a lower number of defects as in the PIR samples, the
mean elongation at break is less affected but the variation would in-
crease from samples where a defect has initiated a fracture at lower
strains.

3.4. Quasi-static impact results

A quasi-static impact test provides precise data which can be used to
understand toughness differences between polymers. For the sake of
completion, we have also done a falling-dart impact test. However, due
to large variations from the testing method (see Appendix A.1), material
variation could not be distinguished and the quasi-static impact test was
preferred.

Both the prime and PIR materials behaved as expected, deforming
more and having a higher toughness due to its higher percentage of ABS
(Fig. 5). Samples of prime material deformed the most, and sustained the
highest load before fracturing. The PIR materials performed signifi-
cantly worse. They sustained a much smaller maximum load and
deformation compared to the prime. Furthermore, the mean fracture
energy was 16.1% lower with a higher level of variation. A Levene’s test
indicated that the variances between the prime and PIR are still statis-
tically similar however.

When comparing the PCR batches to prime, the variation was also
found to be high but still statistically similar. The fracture energy for
PCR samples was much lower than prime or PIR, which was expected
considering the percentage of PC in these batches is higher. Interest-
ingly, the PCR45 had a similar mean and variation compared to PCR27-
28, indicating that PCR45 has a much lower impact resistance than
expected for its composition and factors other than the composition are
dominant in causing the lower toughness. Thus, it is hypothesized that
the higher frequency of defects in PIR and PCR are the primary causes
for lower fracture energies. These results also agree with findings in
elongation at break tensile tests. The ductility of the materials in tension
showed similar trends to the fracture energy and displacement.
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Sample  Defects/mm’
Prime 0.05
PIR 0.25
PCR 27-28 3
PCR 45 5

Polymer Testing 99 (2021) 107216

Fig. 4. Series of figures showing tensile fracture surfaces under optical microscopy for Prime (a;), PIR with salt contamination(b,), PCR27-28 (c;) and PCR45 (d;).
SEM magnification reveals surface structures in the same sample order for the second row. Total defects/mm? are shown in (e). (f) and (g) show magnified SEM
images of visible inclusions of ABS agglomeration and an aluminum particle in PCR 27. The red square in (f) is confirmed to be aluminum as well. Close PCR 45
morphology can be seen in (h). Note that inorganic residues were found to be below 2% in TGA analysis. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Sample Fracture Maximum Displacement
Energy (kJ) Load (N) (mm)
Prime 75.63 £+ 3.72 5589 247
PIR 63.43 + 5.78 5186 23.1
PCR 27 56.09 + 5.61 5466 19.9
PCR 45 56.85 + 4.92 5265 20.6
Significance Values: ANOVA: 0.00 Levene's: 0.603

Notes: Only 27 and 45 have similar means

(b)

Fig. 5. Quasi-static impact test force vs displacement graph (a). Quasi-static
impact testing data (b).

3.5. CLTE results

Thermal expansion in polymers is an important design criteria in
applications where fluctuations in heat are common (such as cars in this
instance), and thus is statistically analyzed as shown in Table 3. Levene’s
test and ANOVA showed no inter-batch variation between all samples.
Further analysis in Appendix A.3 found that PIR and PCR showed no
difference when compared to the Prime samples.

3.6. Infrared Spectroscopy

IR techniques can be used to characterize PC-ABS degradation. Rajan
etal. [8] used the broad peak at 1713 cm ™! which is ascribed to carbonyl
groups in aliphatic acids, which were not present prior to ageing, as a
measure of photo-oxidation. It was mentioned that polycarbonate de-
grades to produce peaks mainly in the carbonyl region (1600-1800
em™!) while ABS degradation produces peaks in the carbonyl
(1600-1800 cm™1) and hydroxyl region (3200-3600 cm™!) due to
oxidized moieties formed from degradation of the polybutadiene [8,15].

There is no conclusive evidence for oxidation degradation within our
PIR and PCR samples. In Fig. 11, the spectra of both PIR and PCR ma-
terial did not show additional peaks in the 1713 em™! (aliphatic acid

Table 3
Coefficient of thermal expansion data for recyclate types.

Sample a(m /mC)¥10-°
Prime 7.73 £ 0.19
PIR 7.93 £ 0.22
PCR 27-28 7.59 + 0.17
PCR 45 7.53 = 0.02
Significance Values:

ANOVA: 0.05 Levene’s: 0.059
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carbonyl groups) or in the 3500 cm ™! (hydroxyl and acid groups) ranges
compared to the prime [8] (refer to Appendix A.4).

3.7. Rheology

Rheological assessment is an efficient method to determine differ-
ences in molecular weight (MW), molecular weight distribution (MWD)
and is much more sensitive than TGA towards differences due to
degradation. As a polymer undergoes degradation, the polymer chains
break apart, causing a decrease in the MW and an increase in the MWD.
Rheological testing using oscillatory shear measures viscosity, loss
modulus and storage modulus and provides insight into the behaviour of
the viscoelastic polymer melt. With a higher MW, polymer chain en-
tanglements increase and thus the viscosity of the melt also increases
[31]. The crossover point between curves of loss and storage moduli
determines where a polymer melt will go from primarily elastic (higher
storage modulus) behaviour to a more viscous (higher loss modulus)
response [32]. A higher crossover frequency indicates a lower molecular
weight while a higher crossover modulus indicates a narrower MWD
[31-33]. Viscosity and elastic (storage) modulus also reflect the
different ratio of components in the PC-ABS blend. With a higher per-
centage of PC, the viscosity and crossover modulus increase accordingly
[26]. Representative curves of the main rheological properties are
shown in Fig. 6a, while an overview of the rheological results are
summarized in Fig. 6b and Fig. 6c.

Comparison of prime to PIR samples revealed they were statistically
similar in both mean and variation for crossover frequency and viscos-
ity. This suggests a similar average molecular weight between the two.
However, a statistically significant difference for both mean and varia-
tion in crossover modulus indicates both a broader MWD and a lower
stiffness in the PIR.

Similar to previous tests, we observed that PCR27-28 differ signifi-
cantly from PCR45 in all parameters. A higher complex viscosity and a
higher crossover modulus in the PCR27-28 can both represent the higher
PC content. Thus, no conclusion about differences in MWD can be made.
However, the lower crossover frequency observed in conjunction with
the higher viscosity suggests a higher MW in the PCR27-28. The varia-
tion within all three parameters are larger in the PCR27-28 which is
likely related to their higher recycled PC content.

In terms of viscosity, the PCR samples are much lower than was
expected considering their PC content. As a 55% PC blend, PCR45 is
expected to have a similar viscosity when compared to prime and PIR.
This suggests that the MW of both the PCR samples may be lower than
the prime and PIR, which can be attributed to the different source ma-
terials, ageing effects, and processing parameters. It has been reported
that re-processing of polymers may induce thermo-mechanical degra-
dation [34], leading to a broadening of the MWD. Other factors such as
long polymer branching and fillers are expected to increase the viscosity
of the blend [31].

3.8. Thermal stability

Degradation may be a result of shear and thermal stresses during re-
processing or ageing effects in the source material, which can be traced
by TGA. A lower onset degradation temperature could indicate a lower
MW in the batch [9]. This trend can be seen in Fig. 7a, as the onset
degradation temperature for PCR samples are lower than prime and PIR.
With a higher percentage of PC, the thermal stability of the blend was
expected to increase. Therefore, the lower onset temperature is a
possible indication of lower MW and broader MWD in PCR samples. A
larger fraction of recycled PC in the PCR blends could contribute to a
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Fig. 6. Rheological test results: Representative frequency sweep curves for
viscosity, loss and storage moduli (a), Overview of main oscillatory shear
rheology results (b), and summary of main rheological data (c). The crossover
point refers to the intersection between the loss and storage moduli curves.
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Fig. 7. Representative TGA curves for each material (a)and table showing
degradation onset temperature at 2% weight loss and residuals after oxidation
at 600-800°C (b).

broadening of the molecular weight distribution. On the other hand,
there were no differences between prime and PIR.

As the samples undergo combustion between 600 and 800°C, less
than 2% of material remained as residuals (Fig. 7b). SEM-EDS analysis of
the residuals revealed that the majority of the residuals was composed of
titanium (Ti) and oxygen (O). In addition, iron (Fe) particles and zinc
(Zn) particles in PIR samples approximately 200 pm in diameter were
found. While in PCR samples, larger flakes composed of Ti and O of
approximately 200 pm in diameter were observed. Interestingly, the
aluminum particles observed in the fracture surface were not present in
the tested samples, suggesting outside contamination. The residuals
shown in Fig. 7b confirm the non-negligible increase in contamination
from re-processing or use that likely affected the fracture variability of

Appendix

A.1. Falling-Dart Impact Testing
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the recycled materials.

4. Conclusions

With the aim of evaluating the performance of polymers from recy-
clate streams to replace prime polymers in automotive parts, variation
within PC-ABS blends of prime, and PIR and PCR recyclate types were
analyzed. In tested thermo-mechanical parameters, both PIR and PCR
exhibited comparable levels of variation compared to the prime with the
exception of elongation at break and quasi-static impact behaviour. In
these, the PIR showed a significantly lower toughness and higher vari-
ation compared to the prime despite having similar blend compositions.
The levels of variation in the PCR quasi-static tests were also elevated,
beckoning more detailed investigations into the causes.

To explain differences in performance between the materials, anal-
ysis on blend composition, defects and degradation were performed.
Morphological analysis of tensile fracture surfaces through SEM and
optical microscopy revealed significant defects in the PIR and PCR
samples. These defects were found to be cavities of ejected ABS domains
and on some occasions contaminants or agglomerated inorganic addi-
tives. The reduced deformability of PIR and PCR samples were found to
be correlated to the size and frequency of defects. While no conclusive
evidence of oxidative-degradation were found in the FT-IR analysis, TGA
and rheological measurements indicated significant changes in molec-
ular weight and molecular weight distribution compared to the prime.
The variation in these tests was also higher, as expected with a higher
recycled PC content. In conclusion, anomalies in blend composition, the
presence of defects, and variation in molecular weight and molecular
weight distribution are the major contributors to the toughness differ-
ences observed in the PIR and PCR samples.

From a batch variation point of view, both PIR and PCR do not differ
significantly from the prime PC-ABS except in toughness and can be
considered suitable replacements in applications where toughness is not
a critical parameter. Otherwise, further investigations such as those
undertaken in this work are recommended and modification of the blend
may be required. Many of the challenges of recycled materials are
inherent and cannot be avoided. Therefore, tuning of processing pa-
rameters based on good knowledge of the source materials is paramount
in controlling changes in morphology and composition. This would
allow for much wider applications of recycled polymers within the
automotive industry and other industries.
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In a falling-dart impact test, a dart indents a fixed flat polymer plate after free-falling from an elevated position. In a quasi-static impact test, the
dart is slowly indented into the center of the plate at a constant velocity. The objective is to evaluate the energy absorbed by the plate through a force
transducer inside the dart and measuring its displacement over time. This energy is analogous to how the polymer deforms and fractures due to its
strain-rate dependent elastic and plastic behaviour. The total energy absorbed is a sum of the spring-like elastic components and permanent plastic
deformation. It can also be divided into the fracture initiation energy and crack propagation energy. To determine fracture initiation energy, a polymer
plate is impacted with excess energy (or high velocities in a falling-dart test), causing it to fracture. On a force-time or force-displacement curve, the
fracture initiation energy is denoted by a sudden decrease in the load on the impact dart [35]. The amount of energy absorbed or fracture energy can
be found by calculating the area under the curve of a force-displacement graph until the point of the sudden drop-off.
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Fig. 8. Experimental setup for falling-dart impact tests.

It is well documented that falling-dart impact testing is not useful to understand sample to sample variations [23]. The troubles with data
acquisition in such a short time-frame makes any analysis regarding the damage initiation and evolution difficult [36]. And while there is debate
regarding whether low velocity impact tests provide similar results to quasi-static tests [36-39], our results confirm that these two methods are not
equivalent. The mean fracture initiation energies and variation are not the same between the two tests. In addition, quasi-static tests reveal statistically
different fracture energies between each sample while falling-dart does not.

During testing, it was found that various errors resulting from the apparatus such as inaccurate position and force readings, coupled with friction in
the descent of the falling dart furthered the inaccuracy of this measurement technique. The scattering in the data was high, causing large variation in
the data, making it difficult to draw proper conclusions about variability between materials. Quasi-static tests show less scattering in the data, was a
more controllable test, and produced deformation data that could be used to distinguish differences between a prime and PIR batch.

The results are shown in Table 4. Statistically there is no mean difference between the samples. Visually, prime samples have a higher fracture
energy and variability compared to the recycled plates. According to Levene’s test, PIR samples had a similar variability to PCR and prime polymers.
However, PCR variability was statistically lower than prime samples. Within PCR samples however, we found that PCR45 had a degree of variation
closer to that of the prime samples compared to batches of PCR27 and PCR28.

Table 4

Falling-dart impact fracture energies and 95% confidence intervals
Sample Mean Energy (kJ) Levene’s Test
Prime 56.69 + 2.96 vs PIR 0.19
PIR 54.10 + 2.14 vs PCR 0.327
PCR 52.73 £ 1.51 vs Prime 0.001

A.2. Tensile Testing

Young’s modulus is a measure of a material’s stiffness in the elastic region, while plastic onset is used to provide information on where the material
starts to exhibit plastic behaviour. Finally the yield strength indicates the point where the polymer starts to form a neck and the start of strain
hardening behaviour [24,40].
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A.3. CLTE
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Fig. 9. Box and whisker plot of tensile properties. Young’s modulus (a), plastic onset (b), yield stress (c) and elongation at break (d).

CLTE (%) describes the expansion and contraction behaviour of a material in one direction in response to temperature changes. The coefficient is
given in Equation (2) where o can be estimated as the slope of the linear section in a displacement vs temperature curve if the slope does not change
with temperature.

a_l dL
T LydT

Table 5

(2)

Significance values for inter-batch and inter-recyclate variation for coefficient of thermal expansion.

PCR PIR Prime All
Levene’s Test 0.066 0.031 0.512 0.059
ANOVA 0.647 0.949 0.839 0.05
Welch - 0.922 - 0.039
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A.4. FT-IR

Table 6
Comparisons of intensities of characteristic PC peak (1775 cm™1) normalized by the ABS characteristic peak (697 cm ™)

Polymer Testing 99 (2021) 107216

Ratio of peaks at 1775 ¢cm-1/697 cm-1 Sample 1 Sample 2 Sample 3 AVG

Prime94 0.493 0.594 0.630 0.572
Prime95 0.608 0.564 0.631 0.601
Prime96 0.613 0.605 0.586 0.601
PIR97 0.600 0.594 0.552 0.582
PIR98 0.552 0.585 0.648 0.595
PIR99 0.610 0.638 0.655 0.635
PCR27 1.030 0.976 0.988 0.998
PCR28 0.878 0.988 0.965 0.943
PCR45 0.848 0.812 0.850 0.837

Table 7

Comparisons of intensities of characteristic PC peak (829 cm_l) normalized by the ABS characteristic
peak (697 cm’l) with tested batch density, estimated PC-ABS% and actual PC-ABS content

IR PC Density Density Estimated
peak Intensity (g/cm®) PC to ABS%
Prime94 0.518 1.120 50/50
Prime95 0.506 1.117 48/52
Prime96 0.509 1.117 48/52
PIR97 0.515 1.119 49/51
PIR98 0.517 1.120 50/50
PIR99 0.546 1.122 52/48
PCR27 0.823 1.140 65/35
PCR28 0.815 1.141 65/35
PCR45 0.709 1.129 55/45
1 ¢
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Fig. 10. Normalized ATR FT-IR spectra of PCR PC-ABS, with the 1775 cm™! region expanded.
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Fig. 11. Representative normalized FT-IR spectra of Prime (a), PIR (b) and PCR (c) polymers. Observable PC characteristic peaks are (cm’l): 3010-3110: axial
deformation aromatic C-H, 1770: axial deformation C—O, 829: angular deformation aromatic C-H [28]. Observable ABS characteristic peaks are (cm’l):
3010-3110: axial deformation aromatic C-H, 1602: axial strain C—N, 697: aromatic C-H out of plane angular deformation [28].
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