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ABSTRACT: This study investigates the mechanical and microstructural
properties of recycled polyethylene terephthalate (rPET) filaments plasticized
with refined waste cooking oil (rWCO) for Fused Deposition Modeling (FDM)
applications. rWCO was physically refined using cornstarch treatment and
blended with rPET at 5%, 7.5%, and 10% concentrations. Filaments were
extruded and printed using a Creality K1C printer, followed by tensile testing,
XRD, and SEM analysis. The 7.5% rWCO blend showed improved
morphology and crystallinity, but tensile strength remained lower than pure
rPET. Statistical analysis revealed a moderate negative correlation (r = -0.650)
between rWCO content and tensile strength, with ANOVA confirming
significance (p = 0.022). Regression modeling indicated that rWCO
concentration accounts for 42.29% of the variability in tensile strength. Despite
mechanical limitations, r'WCQO enhanced print consistency and surface quality.
The 7.5% blend emerged as the most balanced formulation, supporting its
potential for sustainable filament development. Future work should explore
lower rWCO ratios and compatibilizers to improve mechanical resilience.
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1.0 INTRODUCTION

Additive manufacturing (AM), enables fast, precise fabrication of
complex structures while reducing waste and improving efficiency. Its
versatility has expanded applications in aerospace, healthcare, and
education, driving interest in using recycled polymers like rPET for
sustainable filaments. However, rPET is less durable and flexible than
virgin PET [1] due to chain scission during recycling, which lowers
molecular weight, viscosity [2], tensile strength, impact resistance, and
fatigue performance [3]. Increased crystallinity adds brittleness [4], and
impurities from recycling can cause yellowing and reduced optical
quality [5]. Blending with impact modifiers like SEBS-g-MA or E-EA-
GMA can improve thermal and mechanical properties [6].

The performance of rPET can be improved through reactive extrusion
with chain extenders or copolymer blends, which enhance elasticity,
mechanical strength, and thermal resistance [7], and similarly,
incorporating additives such as nano silica into chitosan films has been
shown to enhance mechanical strength and stability, illustrating how
modifiers can generally improve polymer-based materials [8]. For
applications such as concrete reinforcement or geotextiles, additional
chemical treatments or conversion into nanofibers are often required to
increase durability and compatibility with the matrix [9]. Nevertheless,
rPET still exhibits inferior strength, ductility, and property consistency
compared to virgin PET. This study investigates the use of recycled
waste cooking oil (rWCO) as a renewable, low-toxicity bio-plasticizer
to improve interlayer bonding and reduce brittleness [10], [11]. In this
study, rPET was blended with 5%, 7.5%, and 10% rWCO, and the
resulting filaments were tested for tensile strength to assess the effect
of tWCO concentration on mechanical performance and identify the
optimal blend for sustainable 3D printing.

20 METHODOLOGY
2.1 Physical Refining of Waste Cooking Oil ({WCO)

Figure 1(a) shows the slurry added to hot tWCO and stirred for 10
minutes, forming residues and clarifying the oil. This physical refining
method aligns with recent polymer recycling innovations aimed at
improving mechanical and chemical properties. Techniques such as
chemical recycling to monomer (CRM) and catalytic upcycling have
also been used to enhance polymer quality and compatibility [12].
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(b)
Figure 1: (a) Mixture of rWCO and cornstarch after 10 minutes of heating; (b)

Filtration setup used to remove impurities and obtain refined rtWCO

After settling for a week to allow phase separation, the upper layer of
refined rtWCO was filtered using a separatory funnel, as shown in
Figure 1(b), to remove impurities. This purification step addresses
common issues in recycled plastics such as brittleness and
contamination. Similar to reactive mixing in polymer blends [13],
refining rWCO improves its compatibility with rPET, enhancing
filament flexibility and consistency for 3D printing. This approach
supports the development of high-performance, eco-friendly materials
through sustainable upcycling techniques.

2.2 Extrusion & Filament Preparation Process

After refining the recycled waste cooking oil (rWCO), it was sprayed
onto clean PET bottle. Each PET bottle was first weighed to determine
its initial mass, then the final target weight was calculated based on the
desired rtWCO ratio (5%, 7.5%, or 10%). The rtWCO was sprayed
gradually while monitoring the weight with a digital balance until the
PET bottle reached the calculated target. This ensured a consistent and
accurate rWCO-to-PET ratio for each blend. Once the oil application
was complete, the treated PET bottles were extruded using a PET
Extruder Machine to produce filament for 3D printing. The extruded
filament was then collected and weighed. Any excess oil spilled during
extrusion or left on the bottle was also gathered and measured. This
helped confirm how much rWCO was actually absorbed by the PET,
which is important for analyzing its impact on the material’s
mechanical performance.

2.3 3D Printing Parameters

Table 1 shows the 3d printing parameters used. Tensile samples were
prepared according to ASTM D638 Type IV and tested on a Shimadzu
UTM (20 kN load cell, 5 mm/min). Fractured surfaces were sputter-
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coated with a 10 nm palladium and gold layer before microstructural
observation using a Carl Zeiss Evo 50 SEM at 50x, 100x, and 150x with
a 10-kV acceleration voltage, while interlayer gaps were measured
using Image].

Table 1: 3D Printing parameter for rPET [14]

Parameter
Nozzle Temperature 220-230°C
Bed Temperature 100 °C
Nozzle Temp (Pellet) 250-270 °C
Bed Temp (Pellet) 90-110°C
Infill Density 70%
Layer Thickness 1.1 mm

3.0 RESULTS AND DISCUSSION
3.1 Tensile Test

Tensile tests were conducted to evaluate the effect of rWCO on the
mechanical performance of rPET with riWCO concentrations of 0%, 5%,
7.5%, and 10%. This analysis aimed to determine whether tWCO
improves flexibility or compromises structural integrity. The results,
shown in Table 2 and Figure 2, respectively, provide insights into how
rWCO content influences the strength and consistency of 3D-printed
rPET filaments.

Based on Figure 2, pure rPET showed the highest and most consistent
tensile strength at 14.10 MPa. The addition of 5% rWCO reduced
strength to 10.45 MPa with greater variation, likely due to poor
dispersion in the polymer matrix [15]. This aligns with findings in [10],
[11] showing that WCO increases flexibility but decreases mechanical
strength. At 7.5%, the strength increased to 11.52 MPa with more
uniform curves, indicating improved compatibility and flexibility,
which is the same as reported in studies using EBA-GMA and TPU
where the strength reduction is present but more controlled [15], [16].
However, at 10%, strength slightly dropped to 11.41 MPa, indicating
possible over-plasticization or phase instability [18].
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Figure 2: Stress strain curve for tensile test under parameter set (a) 0% rWCO (Pure
rPET); (b) 5% rWCO; (c) 7.5% rWCO; (d) 10% rWCO

Table 2: Tensile test result

Set Parameter Tensile Force (N) Tensile Strength (MPa)
Average Std Dev Average Std Dev
(A) Pure rPET 237.25 7.25 14.10 0.43
(B) 5% rWCO 175.85 10.53 10.45 0.63
©) 7.5% rWCO 193.81 5.09 11.52 0.30
(D) 10% rWCO 191.98 21.61 1141 1.28

All rtWCO blends showed an 18-26% reduction in tensile strength
compared to pure rPET, with the steepest drop at 5% (25.9%). Similar
trends have been reported in rPET blends with flexible polymers like
TPU and PLA, where increased flexibility compromises strength due to
reduced intermolecular interactions [18]. In this case, the unexpected
drop in tensile strength may be attributed to poor miscibility between
the rtWCO and rPET matrix, which can lead to uneven dispersion of the
plasticizer and the formation of microphase separation or voids. These
imperfections can act as localized stress points under mechanical
loading, weakening the overall structural integrity of the material [19],
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[20]. Additionally, the presence of rWCO may interfere with the
crystallization behavior of rPET during cooling, reducing the formation
of well-ordered crystalline regions that are essential for mechanical
strength [21]. Well-ordered crystalline domains play a critical role in
ensuring toughness and stability, and disruptions in this structure can
significantly reduce mechanical performance [22], [23]. Together, these
factors counteract the intended plasticizing effect and contribute to the
observed decline in tensile performance.

3.2 Microstructural Analysis

To evaluate the structural impact of rWCQO, X-ray diffraction (XRD)
analysis was conducted. This technique identifies changes in
crystallinity and reveals whether riWCO alters the molecular structure of
rPET. Such changes may explain variations in mechanical properties.
Figure 3 compares the XRD patterns of pure rPET and rPET blended
with 7.5% rWCO.

8000, Intensity vs 2, Pure rPET Intensity vs 28, 7.5% WCO
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4000 < 6000 -

4000
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8
8

2000 4

(a) (b)
Figure 3: XRD analysis results for the rPET sample, comparing (a) pure rPET
and (b) rPET with 7.5% rWCO

For the pure rPET sample shown in Figure 3(a), the X-ray diffraction
(XRD) profile displays clear peaks at around 20 =35°, 42°, and 61°. These
peaks confirm that the recycled PET retains a semi-crystalline structure,
meaning that not all of the original crystal regions were lost during
recycling. The sharpness and clarity of the peaks suggest a well-
organized and uniform crystalline arrangement. This is important
because such crystalline regions help improve mechanical strength and
stability by distributing stress more evenly throughout the material.
Similar findings have been reported in other studies, where untreated or
lightly processed rPET maintained good crystallinity and showed
consistent mechanical properties [4]. As a result, the pure rPET sample

6 ISSN: 1985-3157 e-ISSN: 2289-8107 Vol. 19 No.3 September — December 2025



Journal of Advanced Manufacturing Technology (JAMT)

provides a reliable baseline for comparing how additives like tWCO
affect the structure and performance of the material.

In contrast, the 7.5% rWCO-modified sample in Figure 3(b) exhibits
slightly higher peak intensities at the same diffraction angles, pointing
to a possible increase in crystallinity. This may be attributed to
components in the rWCO facilitating better polymer chain alignment
during the cooling stage, thus promoting the formation of more ordered
regions, an effect similarly observed in plasticized or additized rPET
systems [5], [16]. However, despite this apparent improvement in
crystallinity, the mechanical testing results show a reduction in tensile
strength. This contradiction suggests that increased crystallinity alone
does not guarantee improved mechanical properties, a finding also
reported in rPET composites and blends where enhanced ordering did
not translate to strength gains due to weak interfacial bonding or phase
incompatibility [18], [22]. Other factors such as the plasticizing effect of
rWCO or the presence of microstructural defects may play a more
dominant role in compromising the mechanical integrity of the blend, as
similarly shown in various recycled PET formulations with increased
brittleness despite crystallinity improvement [23].

To further investigate the material characteristics, Scanning Electron
Microscopy (SEM) analysis was performed to examine the interfacial
morphology between the rWCO and rPET phases. Figure 4 displays
SEM images of the fracture surfaces for both pure rPET and the 7.5%
rWCO blend. The fracture surface of pure rPET appears more uniform
and denser, reflecting strong bonding and consistent stress distribution,
which corresponds to its higher tensile strength, an observation
consistent with prior SEM studies showing tight microstructure in
unmodified rPET systems [24]. In contrast, the 5% rWCO blend likely
shows more voids or rougher surfaces due to poor compatibility and
phase separation, which weakens the structure, similar to what has been
reported in poorly compatibilized polymer blends that exhibit stress-
concentrating defects [25]. At 7.5% rWCO, the fracture appears more
ductile and fibrous, suggesting improved dispersion and bonding, a
trend supported by SEM studies where elastomer- or nanoclay-modified
rPET systems showed smoother, fibrous morphology and improved
mechanical behavior [26]. This supports the earlier finding that tensile
strength increases at this ratio, before slightly dropping again at 10% due
to possible over-plasticization or phase instability, an effect also seen in
organoclay- or additive-loaded blends where excessive modifier content
disrupted the matrix and degraded performance [27]. These structural
differences observed under SEM reinforce the idea that the mechanical
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performance is closely linked to rWCO concentration and its interaction
with the rPET matrix.

Table 3: Interlayer gap length of rPET sample

Parameter Set Length of Interlayer gap (um) Angle (°)
L1 L2 L3 Average

(A) Pure rPET 63.47 65.89 66.21 65.19 -90

(B) 7.5% rWCO 52.48 55.12 56.73 54.77 -90

Figure 4: SEM image for rPET sample fracture interface for (a) pure rPET
and (b) 7.5% rWCO

Figure 4(a) illustrates the surface of pure rPET, which shows clear signs
of poor interlayer adhesion, excessive stringing, and large voids,
indicating unstable extrusion and suboptimal print quality. These
characteristics are consistent with previous observations where
unmodified rPET exhibited weak bonding and inconsistent layer fusion
during 3D printing [26]. In contrast, Figure 4(b), showing the 7.5%
rWCO blend, reveals a more uniform and compact structure with
improved layer definition and fewer voids, similar to findings where oil-
based additives improved printability and interlayer fusion in polyester
systems [5]. Table 3 compares the average interlayer gap length and
angle between pure rPET and rPET with 7.5% rWCQO, showing that the
rWCO blend has a shorter average gap (54.77 um vs. 65.19 um) at a
consistent -90° angle, indicating improved layer bonding. However,
despite the enhanced morphological appearance, the reduction in tensile
strength observed for the 7.5% rWCO sample may be attributed to
factors such as the plasticizing effect of WCO, which can reduce
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molecular entanglement and stress transfer [18], molecular-level
incompatibility between phases that can limit cohesive bonding [16], or
increased brittleness due to over-crystallization, a phenomenon also
observed in highly ordered rPET systems that show better morphology
but reduced toughness [22].

The findings of this study show a reduction in tensile strength of 18-26%
compared to pure rPET, consistent with studies who reported that
WCO-based plasticizers increase flexibility but reduce mechanical
strength in polymer systems [10], [11]. However, this outcome differs
from previous findings which showing that higher crystallinity
generally enhances strength when strong interfacial bonding is achieved
[22], [23]. In this work, although crystallinity increased, the strength still
decreased, suggesting that the plasticizing effect of WCO disrupted
molecular entanglement and weakened interfacial interactions, thereby
overshadowing the strengthening contribution normally associated
with increased crystalline regions.

3.3 Correlation Analysis

Correlation analysis was conducted to examine the relationship between
rWCO blend ratio and the tensile strength of the printed specimens. This
analysis helps determine whether increasing the riWCO content has a
consistent impact on the mechanical performance of rPET. By exploring
this relationship, the study aims to assess how effectively tWCO
functions as a modifier in recycled polymer systems.

Scatterplot of Tensile Strength (Mpa) vs Blend Ratio (%)
.
:

Tensile Strength (Mpa)
.

-

-
-

Blend Ratio (%)

Figure 5: Scatterplot of Tensile Strength (Mpa) against Blend Ratio (%)

Figure 5 displays a scatter plot showing the distribution of tensile
strength values across various rWCO blend ratios. The highest tensile
strength, approximately 14.5 MPa, is observed at 0% rWCO. A
noticeable drop occurs at 5%, where tensile strength declines to around
11 MPa. From 6% to 10% rWCO, the tensile strength fluctuates between
10 and 12 MPa, without a consistent upward or downward pattern.
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Table 4: Analysis of Variance for Scatterplot

Source DF Adj SS Adj MS F P-Value F crit
Between 3 21.93263 7.310878 12.59826 0.002125 4.066181
Groups
Withing 8 4.642467 0.580308

Groups

Total 11 26.5751

Table 4 and Figure 5 show that adding recycled waste cooking oil
(rWCO) clearly affects the tensile strength of rPET. The ANOVA results
confirmed a significant difference between the blend groups, with a p-
value of 0.002125, which is below the 0.05 threshold, and an F-value
higher than the critical value. This means the changes in strength are real
and not due to chance. The tensile strength dropped from 14.10 MPa for
pure rPET to 10.46 MPa at 5% rWCO. There was a small increase at 7.5%
and 10%, reaching 11.52 MPa and 11.42 MPa, but the values were still
lower than the control. The scatter plot in Figure 5 supports this trend,
showing a clear drop at 5% followed by slight improvements. These
results suggest that the effect of tWCO on strength is not linear, and
using too much or too little can weaken the material. This highlights the
importance of finding the right rWCO ratio to keep both strength and
sustainability in balance.

To better quantify this trend, Pearson correlation analysis was applied.
The coefficient value, presented in Table 5, helps evaluate the strength
and direction of the relationship between rWCO content and tensile
strength.

Table 5: Pearson correlation coefficient

Tensile Strength (Mpa)
-0.650

Blend Ratio (%)

A moderate negative correlation was identified between tWCO content
and tensile strength, indicating that as the blend ratio increases, the
tensile strength tends to decrease. This relationship is supported by the
Pearson correlation coefficient (r = -0.650), suggesting an inverse trend
where higher rWCO content moderately weakens the material’s
mechanical performance. While this trend is visible in the scatter plot,
the p-value is crucial in determining whether the correlation is
statistically significant, reinforcing the need to interpret both the
strength of the relationship and its significance together. Using this
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correlation, a simple linear regression equation was developed to further
describe the relationship, as follows:

Tensile Strength (MPa) = 13.35 — 0.2617 Blend Ratio (%) D

Equation 1 derived from the experimental data provides a mathematical
representation of the relationship between rWCO content and tensile
strength. This best-fit line helps illustrate the general trend observed in
the scatter plot, showing that tensile strength decreases as tWCO ratio
increases. With an R? value of 42.29%, the model indicates that rWCO
concentration accounts for just over 42% of the variability in tensile
strength, suggesting a moderate predictive capability. However, this
also points to the involvement of other influencing factors beyond
rWCO content, such as print consistency, material compatibility, or
structural uniformity.

Table 6: Regression Model

S R-sq
1.23846 42.29%

R-sq(adj)
36.51%

Although the regression model establishes a quantifiable link between
rWCO content and tensile strength, its limited explanatory power
implies that the relationship is only partially linear. The relatively low
R? value means that a significant portion of the variation in tensile
strength is still unexplained by rfWCO concentration alone. Therefore,
while the model supports a downward trend, it underscores the need to
consider additional material or processing parameters that may be
contributing to the mechanical behavior of the rPET-rWCO blends.

Table 7: Analysis of Variance for Tensile Strength

Source DF Adj SS Adj MS F-Value P-Value
Regression 1 11.2374 11.2374 7.33 0.022
Error 10 15.3377 1.5338
Total 11 26.5751

Table 7 demonstrates that the variation in rWCO content has a
statistically significant impact on the tensile strength of the printed
specimens, as evidenced by the F-value of 7.33 and a p-value of 0.022.
Since the p-value is less than the standard significance level of 0.05, it
confirms that the observed differences in tensile strength across the
different blend ratios are not due to random chance. The result indicates
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that changes in rtWCO ratio do play a meaningful role in altering tensile
strength, thereby validating the need for further investigation into how
bio-based additives interact with recycled polymers during the printing
process.

Fitted Line Plot
Tensile Strength (Mpa) = 13.35 - 0.2617 Blend Ratio (%)

aaaaaa

Tenslle Strength (Mpa)

Blend Ratio (%)

Figure 6: Fitted Line Plot

Figure 6 illustrates the Fitted Line Plot generated from the regression
analysis, which uses the Pearson correlation and linear regression
equation based on the relationship between rWCO content
(independent variable) and tensile strength (dependent variable). From
this analysis, a best-fit line is drawn through the data points to model
the trend. In this case, the plot shows scattered data points around the
line and a gentle negative slope, visually confirming a weak and
inconsistent relationship between tWCO ratio and tensile strength.

Based on the data, the addition of recycled waste cooking oil (rWCO)
affects the tensile strength of recycled polyethylene terephthalate (rPET)
in a non-linear manner, with a sharp decrease at 5% rWCO followed by
a slight increase at 7.5% and 10%, consistent with previous studies [6],
[15], and [20] reporting non-linear additive—strength relationships. This
plot helps assess the reliability of the regression model: while a strong
correlation would have data points closely following the line, the
observed scatter suggests that other factors may also influence
mechanical performance, and the fitted plot provides a clearer
interpretation of the trend.

40 CONCLUSION

This study confirms the feasibility of using refined waste cooking oil
(rWCO) as a plasticizer in recycled PET (rPET) for 3D printing.
Although tensile strength decreased by 18-26% compared to pure
rPET, the 7.5% rWCO blend showed optimal balance in printability and
structural consistency. Statistical analysis revealed a moderate negative
correlation (r = -0.650), with regression indicating a 0.26 MPa drop per
12 ISSN: 1985-3157 e-ISSN: 2289-8107 Vol. 19 No.3 September — December 2025
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1% rWCO increase. For future work, lower rWCO concentrations (1-
3%) and compatibilizers should be explored to enhance mechanical
properties without compromising processability. Additional tests such
as impact and flexural strength, along with process optimization, are
recommended to improve performance and reliability in sustainable
additive manufacturing.
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