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ABSTRACT: A comparative analysis was performed on poly(lactic acid) (PLA), poly(caprolactone) (PCL), basalt
fiber (BF) composites produced using two distinct approaches: direct blending and masterbatching. The limitations
of PLA-BF composites with regard to distribution and adhesion are well-documented, as are chemical treatment
methods (addition of compatibilisers, surface treatments, silanization). This work aimed to study an industrially
relevant potential solution of utilising a PCL-BF masterbatch, prepared as a 50/50 wt.% blend using planetary roller
extrusion (PEX) to both improve the distribution and homogeneity of the fibers as well as provide a secondary adhesion
site to facilitate improved mechanical properties of the final PLA-PCL-BF composite. The resultant materials were
injection moulded to prepare ISO standard test specimens and tested on the basis of their physical properties via
tensile testing, impact strength testing, flexural analysis, Fourier transform infrared spectroscopy and water absorption
capability. The results displayed that the incorporation of PCL and BF led to an increase in ductility of the composite
materials, allowing for improvements in the inherent brittleness of virgin PLA. Major increases in the impact strength
were achieved with the utilisation of a 25% PCL/BF masterbatch, allowing for a greater than 50% increase. As an overall
observation, the use of a masterbatching process, opposed to direct blending of the constituent materials allows for a
greater consistency of composite to be achieved at the expense of increased gains.
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1 Introduction

Though poly(lactic acid) (PLA) is often considered to be a promising, more sustainable replacement
for conventional petroleum plastics, it is not without its drawbacks. The wide applicability of PLA lies
in its similarity to commercially available petroleum polymers (polystyrene, polypropylene, poly(ethylene
terephthalate)) with respect to its mechanical, thermal, barrier and optical properties [1], while having its
constituent monomers derived from renewable plant sources such as sugar and starch [2]. Though these
properties lend credence to PLA being a direct replacement material, two major limitations of PLA lie in its
comparative lack of thermal stability, low flexibility and relative fragility, being quite brittle in nature [1,3].
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To improve the mechanical performance of PLA-based materials, reinforcement with natural fibers
(NFs) continues to be shown as a promising strategy. NFs are derived from sources of natural origin,
i.e, plant-, animal- or mineral-derived [4]. With the current focus on increasing the sustainability of
materials, the use of NFs as a reinforcement material in polymer composites has become an increasingly
popular technique for various applications [5]. These NFs offer several benefits, such as low weight,
low cost, biodegradability, while offering excellent mechanical properties [4,6-8] and pose as a potential
replacement material for synthetic fibers [9]. The beneficial aspects of fiber reinforcement are tied to
achieving a homogenous distribution of the fibers within the polymer matrix. Non-uniformities during
the production of fiber-reinforced composites, such as clustering/agglomeration, fiber settlement and other
forms of segregation may impede these beneficial aspects [10] and instead act as faults in the final composite.
Basalt fiber (BF) has increasingly been viewed with interest within the field of fiber-based composites owing
to its strength and stiffness as well as its thermal and chemical resistance [11]. Despite these potential
improvements, the challenge remains of poor interfacial adhesion between the BF and PLA matrix caused
by the hydrophobicity of the PLA and chemical inertness of the BE. This incompatibility limits effective
stress transfer within the PLA-BF composite, thus resulting in below optimal mechanical properties [12-14].
Numerous strategies have been published to improve the interfacial adhesion between PLA and BF, such as
silanization [15,16], of coupling agent [17], surface assembly with in-situ SiO, nanoparticles [18] and surface
treatment of the BF with atmospheric pressure glow discharge plasma [19]. Though the incorporation of BF
into a PLA matrix has been shown to improve the mechanical properties of the PLA, its brittle nature remains
a challenge. The most efficient method of improving the mechanical brittleness of a polymer is through
melt blending with a softer more ductile polymer [20]. Poly(caprolactone) (PCL), a biodegradable aliphatic
polyester, is a flexible polymer that similar to PLA, has found significant interest in the biomedical space
owing to its long in vivo degradation rate [21] and biocompatibility [22].

The choice of processing technique is an important criterion in determining the distribution of fibers,
orientation and ability to retain fiber length, factors that influence the overall properties of the final
composite. Twin-screw extrusion (TSE), particularly co-rotating extrusion, is known to provide significantly
better mixing capabilities compared to single-screw extrusion (SSE). However, the intense shear action is
known to lead to fiber breakage and result in a decrease in fiber length. This reduction may be such that
the final composite fibers have been reduced to a number of micrometres regardless of the original starting
fiber length [23]. Our previous work has shown that when using both conical [24] and parallel extrusion [25]
fiber breakage remained a significant issue. Similarly, Kryszak et. al prepared composite material via melt
extrusion and injection moulding. This work quantitatively analysed the particle size distributions of
hydroxyapatite and noted a significant reduction in the amount of larger grains, also posited as due to the
significant thermal and mechanical stresses imparted within the extrusion process [26].

Planetary roller extruders, due to their characteristic configuration, allow for excellent dispersive mixing
using lesser shear forces and as such, may provide applicability in both achieving uniform distribution of
fibers, while preventing agglomeration and fiber breakage [27]. Due to the relative lack of laboratory-scale
planetary extrusion equipment, TSE continues to be the predominantly focused on technique with regards
to academic literature with the term “twin screw extruder” yielding 77% of Google Scholar hits, “single screw
extruder” yielding 22.9% while “planetary extruder” yields only 0.06% of hits. As such, planetary extrusion
(PEX) represents a field of polymer processing that has to date been underserviced in the academic field [28]
though presents numerous advantages over its single- or twin-screw counterparts. The configuration of a
PEX, such as that shown in Fig. 1, allows for much greater contact surface than is feasible with either SSE or
TSE. Formella and Eyigoz calculated that a PEX with a screw diameter of 165 mm and length of 1000 mm
working at a screw speed of 50 rpm would provide 353 m*-min~! of contact surface. For a TSE to obtain a
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similar contact, the barrel length would need to be 40 times greater, while an SSE would need to be 140 times
longer [28].

. Points of contact

Figure 1: Points of contact in; (A) Twin-screw extruder (TSE) and (B) Planetary roller extruder (PRE)

The objective of this study was to attempt to overcome the mechanical limitations of PLA and the
inherently poor adhesion between BF and PLA through the incorporation of PCL. This was performed
through using a single mixed blend of the three constituent components and a comparative blend whereby
an initial PCL/BF masterbatch was prepared prior to processing along with the PLA. The resultant 6
formulations were analyzed and compared on the basis of physicochemical and mechanical properties.

2 Materials and Methods
2.1 Materials

The PLA used for this study was Ingeo'™ Biopolymer 4043D supplied by Natureworks (MN, United
States of America). Prior to processing the PLA was dried at 80°C for 4-h as per the suppliers’ guidelines. The
PCL used was CAPA 6800, supplied by Perstorp (Malmo, Sweden). Basalt fiber was supplied by Basaltex NV
(Wevelgem, Belgium). The BF was supplied as a continuous fiber with a diameter of 14 pm and manually cut
to a length of 25 mm by means of a rotary fiber cutter.

2.2 Blend Preparation
2.2.1 Masterbatch Preparation

A PCL-BF masterbatch was initially prepared as a 50/50 composition. The PCL and BF were accurately
weighed and placed into polyethylene bags. The mags were manually tumble blended for 10-mins to ensure
a homogenous distribution. The mixed material was fed into an ENTEX Planetary roller extruder (Bochum,
Germany), consisting of a central spindle and 6 symmetrically balanced helical screws equipped with a
twin-screw side feeding unit (Fig. 2). The feeding rate was adjusted to 100 rpm with an extrusion rotational
speed of 130 rpm. The temperature of the extruder was maintained at 80°C throughout the 3 zones (Zone 1,
Zone 2 and the Screw). The resultant material was cooled under pressurised air and pelletized to 3.0 mm in
length using a Thermo Scientific pelletising unit (MA, United States of America).

2.2.2 Composite Preparation

The composition of the prepared composites is shown in Table 1. The ratio of the masterbatch (MB)
was maintained so as to provide an equivalent loading percentage of BF as the non-processed blend. The
non-processed blend consisted of PLA, PCL and BF undergoing extrusion without an initial MB preparation
step. The feeding rate was adjusted to 80 rpm with an extrusion rotational speed of 130 rpm. The temperature
profile was adjusted to 175°C at Zone 1 and Zone 2 while the Screw was maintained at 150°C.
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Figure 2: ENTEX planetary roller extruder and screw configuration

Table 1: Formulations prepared via planetary extrusion for this study

Sample ID  PLA (wt.%) PCL (wt.%)

BF (wt.%) MB

(wt.%)

MB - 50
Al 100 -
B_1 90 5
B_2 75 12.5
B_3 50 25
C.1 90

C.2 75 -
C.3 50 -

50
5
12.5
25

10
25
50

2.3 Injection Moulding

Injection moulding of standard test specimens was carried out using an Arburg Allrounder 37A
(LofSburg, Germany). The moulding parameters used are shown in Table 2. All materials were pre-dried for

4-h at 90°C prior to undergoing injection molding trials.

Table 2: Injection molding parameters for the preparation of test specimens

Parameter Unit Setting
Injection speed mm/s 40
Injection pressure Bar 900
Holding pressure Bar 700
Switch over point mm 12

Screw speed mm/s 150
Back pressure Bar 40

Shot size mm 33
Cooling time s 30
Zone 1 °C 170
Zone 2 °C 175
Zone 3 °C 180
Zone 4 °C 185
Nozzle °C 190

(Continued)
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Table 2 (continued)

Parameter Unit Setting

Mold temperature °C 40

2.4 Tensile Testing

Tensile testing was performed in accordance with EN ISO 527 [29] standard for test specimens using
an Zwick Roell tensile tester (Ulm, Germany) [29]. A total of 6 specimens for each sample were tested,
with dimensions of 96 mm in length, a width of 13 + 0.2 mm, and a thickness of 3 + 0.2 mm. The tensile
testing was performed under quasi-static conditions at a speed of 50 mm/min at ambient room temperature,
approximately 20°C. The tensile properties were determined from the stress-strain data obtained during
analysis with strain calculated from crosshead displacement. Youngs modulus was calculated from the initial
linear elastic region of the stress-strain curve (0.05%-0.25%).

2.5 Flexural Testing

Flexural testing was conducted on Lloyd LRX Tensometer (Hampshire, United Kingdom) after condi-
tioning for a minimum of 24 h at 23 + 2°C. The Tensometer was fitted with a 2.5 kN loadcell and a 3-point
bending jig. Experimental settings were in accordance with ISO 178 [30]. Six replicates were placed centrally
across two rollers with a span of 96 mm and tested at a speed of 2 mm/min. Flexural strength was calculated
using Eq. (1).

3FL

where;
F = force at the point of fracture
L = support span length
b = width of the sample
d = depth of the sample

2.6 Impact Testing

A calibrated Zwick Roell CEAST 6545 (Ulm, Germany) was used to carry out a Charpy notched impact
test in accordance with ISO 179-1 [31]. Test specimens, with an average thickness of 12.72 mm (+0.04 mm),
were notched to a depth of 2.0 mm and then placed in the sample holder. A 4 ] hammer attachment was used
and initially zeroed by releasing the arm with no samples in the holder. The sample was then placed with the
notch placed as centrally to the arm as possible. The hammer arm was then locked in the upward position and
subsequently released. The resultant downswing of the arm provides the impact energy of the test specimen
in J. The impact strength of samples was subsequently calculated using Fqs. (2) and (3), where K = notch
impact energy, m = mass of hammer, g = gravity constant, A = cross-sectional area and o< = notch toughness.
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K=mxgx(H-h) (2)
e 3)

2.7 Fourier Transform Infrared Spectroscopy

FTIR testing was conducted using a Thermo Scientific Nicolet™ iZ™10 FT-IR spectrometer (Waltham,
Massachusetts, United States) with Smart iTX™ Attenuated Total Reflectance (ATR) accessory. Fourier
transform infrared spectroscopy was carried out using the ATR mode of the FTIR with a 4-scan-per-sample
cycle and a resolution of 8. The sample was scanned from 650 to 4000 cm™'. During clamping, a pressure force
of approximately 80 N was applied to ensure optimal contact between the sample and the diamond crystal.

2.8 Water Absorption

Water absorption (WA) of the prepared composite samples was carried out in accordance with ASTM
D570-22 [32]. Injection moulded samples were first dried at 50°C for 24-h and accurately weighed (W;). The
samples were subsequently immersed in deionised water at 22°C for 30-days. Upon completion of this time,
the samples were removed, blotted dry of surface moisture using filter paper and weighed (W,). The WA of
the samples was calculated using Eq. (4).

W, -

WA (%) = — X100 (4)
1

2.9 Fracture Surface Morphology

The morphology of the fracture surface of injection-molded tensile bars was evaluated using a scanning
electron microscope (Tescan Mira, Oxford Instruments, Cambridge, UK). Prior to imaging, samples were
attached to an adhesive conducting tape on the stubs and subsequently sputtered with gold utilizing a Baltec
SCD 005 sputter coater (BAL-TEC GmbH, Schalksmiihle, Germany).

3 Results & Discussion

3.1 Tensile Properties

The characteristic tensile properties of the produced composite samples are shown in Table 3 with a
comparison of the tensile strengths, with respect to percentage inclusion of combined reinforcement, shown
graphically in Fig. 3. The highest tensile strength was displayed by sample A_1, the virgin PLA. This was
followed by a sequential decreasing in tensile strength with respect to increasing proportion of PCL. This
was expected as PCL is well-documented for its low tensile strength and tensile modulus [33]. The emphasis
of incorporating the PCL within this work was not to improve the tensile properties of the composite to
act as a flexibility and ductility enhancer. The samples B_1-B_3 all displayed a decrease in tensile strength,
increase in tensile modulus and decrease in elongation at break with respect to the virgin PLA. These trends
could all be rationalized on the basis of the increasing percentage of PCL (tensile strength) and basalt (tensile
modulus and elongation at break) as well as the direct blending approach followed by these samples. The
utilization of a direct blending approach, especially with fibers known to suffer from agglomeration at high
loading levels, may lead to inadequate distribution of the PCL fraction within the PLA matrix as well as
rick the localized formation of basalt agglomerates. The masterbatch samples (C_1-C_3) meanwhile would
appear to benefit greatly from a much more homogeneous distribution of both the PCL and BF thus allowing
for an improvement in tensile modulus and elongation at break compared to the virgin PLA. The observable
trends herein show the balanced approach that needs to be undertaken with the masterbatching approach.
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While greater gains are observed with the direct blending approach, a much greater degree of consistency is
achievable when implementing a masterbatching strategy. Though in this work, a single planetary extrusion
process was employed, further research may be performed with lower screw speeds owing to the distributive
mixing allowable via PEX in order to retain fiber length throughout the process.

Table 3: Tensile properties of the PLA-PCL-BF composite samples. All values are shown + the standard deviation.
&: Youngs Modulus; 5: Elongation at break

Sample Tensile strength (MPa) & (MPa) g3 (%)
Al 64.2 £ 0.5 2476.7 +£ 28.3 57+14
B_1 579 £ 0.8 2545.3 £ 59.1 50+0.2
B 2 50.0 £ 0.6 2863.1 + 42.1 45+0.2
B 3 58.0 £ 0.5 2944.0 + 25.3 35+0.5
C_.1 56.6 + 0.6 2504.1 +18.1 81+14
Cc2 543+ 0.8 2623.0 £ 19.8 63+11
C.3 452 +£ 0.4 2630.8 + 40.9 59+0.6

Tensile strength (n=6)

80

B.1 B2 B3 Cc1 C2 C.3

Figure 3: Comparison of tensile strength (n = 6) between direct blended (blue) and masterbatched (red) composites

3.2 Impact Strength

The results of impact strength analysis including impact strength and percentage increase compared to
the virgin PLA are shown in Table 4. With regards to virgin PLA, the primary mechanical drawback is well-
documented to be its brittle mode of failure and lack of impact strength [34,35]. Though fiber reinforcement
of polymer composites is a well-regarded practice for the improvement of impact properties, the selection
of reinforcement requires careful consideration as previous authors have shown that certain fibers have
a deleterious effect on impact strength of PLA composites. Graupner et al. showed that PLA composites
reinforced with hemp fibers or kenaf fibers, produced via compression molding led to a decrease in impact
strength of 58% and 63%, respectively [36]. Bax and Miissig meanwhile developed composites of PLA and
flax fibers produced via injection moulding, arising in a 31% decrease in impact strength [37]. Similarly the
work by Huda et al. employing wood fibers to create injection molded PLA composites yielded a13% decrease
in impact strength [38]. As can be seen in Table 4, the incorporation of BF and PCL are in stark contrast to
these previously published bodies of work. Reinforcement of the composites produced in this study benefit
not only from the high stiffness of the included BE but so too from the inclusion of the ductile secondary
polymer, PCL. As such there is a dual-reinforcement effect with respect to the two additives. Though at low
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and high-levels of reinforcement, the direct blended samples (B_1 & B_3) and masterbatch-based samples
(C_1 & C_3) yield similar increases in impact strength (14.64%/15.18% and 51.17%/54.82%, respectively).
Conversely, at intermediary loading levels of PCL/BE, the direct blending approach yielded a more than
doubled increase in impact strength (65.39% compared to 30.45%). The utilization of BF as a PLA impact
enhancer is well-known though the additional inclusion of PCL into the matrix significantly improves upon
this effect. Notably, Kuciel et al. demonstrated that at a 15% loading level of BE, an increase in impact strength
of 26.6% was obtained [39]. Within this study, when utilizing a similar but lesser loading level of BF and a
similar loading of PCL (12.5%) this increase in impact strength is greatly improved upon with direct blending
displaying a 65.39% increase and masterbatching displaying a 30.45% increase.

Table 4: Determined impact strength of the PLA-PCL-BF composites

Sample Impact strength (kJ/m?) Std. Dev.

Al 4.5 0.2
B_1 53 0.4
B_2 13.0 1.3
B_3 9.2 1.3
C_1 53 0.4
C.2 6.5 1.0
C3 10.0 1.0

Fig. 4 displays a comparison of the increase in impact strength compared to the virgin PLA sample.
Contextualizing the data in this manner as opposed to just observing the highest and lowest values clearly
demonstrates the potential value to be gained from the masterbatching approach. Though the direct blending
approach yielded the highest gain in impact strength (B_2), there is no discernible trend with regards to
higher loading levels. Numerous authors have posited that at higher loading levels there is an inherently
higher risk of causing agglomeration of the fibers and subsequently the fibers act as weak spots instead of
reinforcements [40].

Percentage increase in
impact strength compared to A_1

100~

90-

80- 2

70 N 8
__ 60 z 3
< 50- ©

404 S

301 3 @

204 ¢ L

B_1 B2 B.3 C.1 C2 C38

Figure 4: Percentage increase in impact strength compared to virgin PLA (A_1). blue bars denote the direct blended
composites, red bars denote Masterbatched composites
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3.3 Flexural Strength

The results for flexural analysis of the composite samples are shown in Table 5 and Fig. 5. As can be seen
the highest flexural strength again is shown by the virgin PLA (A_1). As PLA is widely known for its high
stiffness and brittle nature, this was to be expected [41]. The effect of incorporating increasing proportions of
PCL is readily apparent with a clear decrease in both Youngs modulus of bending and flexural strength with
respect to increasing PCL content. This shows the additive effect on the ductility of the composite allowed
by the incorporation of the very ductile PCL.

Table 5: Results of flexural analysis (3-point bend) for the direct blended (B_1-B_3) and masterbatched (C_1-C_3)
composites

Batch Young’s Modulus of Bending (MPa) % Change Flexural Strength (MPa) % Change

Al 2076.1 +24.3 - 83.40 + 0.97 -

B_1 2104.0 + 31.0 +1.3 745 +13 -10.7
B 2 2531.8 £ 61.5 +22.0 61.6 £1.1 -26.2
B_3 2248.2 £ 119.6 +8.3 69.1+21 -17.2
C_1 2032.5 +33.9 =21 70.6 £ 0.8 -15.4
C.2 2084.6 + 50.4 +0.4 65.6 + 0.6 -21.3
C.3 2148.0 £ 62.3 +3.5 539 +0.8 -35.4

Flexural Strength (n=6)

80
60—
o 40—

20

B.1 B2 B.3 C1 C2 Ca38
Figure 5: Comparison of the flexural strength of direct blended (blue) and masterbatched (red) composites

Amongst the direct blended samples (B_1-B_3), there is a sharp increase in Youngs Modulus with
sample B_2 showing the greatest value (2531.8 MPa). Such behaviour indicates that at intermediate PCL
content the composite exhibits a temporary stiffening effect. Despite this increase in modulus, all B samples
show a reduction in flexural strength relative to 100% PLA. The disassociation of strength and modulus
suggests that bending stiffness may increase at certain blend ratios but the increasing proportion of ductile
PCL phase reduces the composites’ ability to sustain maximum bending stress. The direct blended composites
thereby result in a higher degree of ductility that fail at lower applied flexural loads, consistent with typical
behaviour observed in PLA/PCL systems [42,43].

For the composites prepared via masterbatching (C_1-C_3), a consistent decreasing trend is observed
in flexural strength is observed with sample C_3 showing a 35.36% reduction in flexural strength compared
to virgin PLA (A_l). The values for Youngs Modulus, however, remain closer aligned to that of A_l. This
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may suggest that the masterbatching approach facilitated better dispersion of the polymeric phases as well
as the fibers preventing localized agglomeration thus preserving stiffness at the sacrifice of flexural strength.
The overall decrease in both Modulus and Flexural strength is primarily caused by the natural ductility of
the PCL allowing the composites to bend with lesser force applied, as discussed by Chee et al. [44].

3.4 Composite Infrared Spectra

The FTIR spectra of PLA-PCL-BF and PLA-MB composites are shown in Fig. 6. The IR spectra display
a lack of chemical interaction between the three components of the composite samples, as expected. The
presence of PLA is confirmed by the observation of peaks corresponding to CHz, C=0 and C-O while the
presence of PCL is indicated by the presence of C-O, C=0 and CH,. The CH, peak of the PCL was observed
at 2918.85 cm™!, the C=01723.18 cm™! and the C-O at 1106.38 cm™'. The PLA meanwhile presented peaks at
1746.65,2994.52 and 1080.20 cm™! for the C=0, CH; and C-O, respectively. In the case of all of the composite
samples, regardless of processing route utilized (direct blending or masterbatching), the spectra obtained
were a sum of the constituent components with no appearance of new peaks indicating the components
mix mechanically but not chemically [42,45,46]. Comparison of the spectra reveal subtle variations in the
peak intensities within the composite samples primarily a decreasing intensity in the peak identified at
~1720 cm™!. A similar result was obtained by [42,47] whom noted interaction via hydrogen bonding between
the C=0 group of the PLA with the -OH group of the PCL. Similarly, the CH, stretch of the PCL (~2919 cm™")
shows slight broadening in intensity in the MB processed samples, possibly indicative of greater distribution
of the PCL within the PLA-rich phase. No quantifiable major peak shifts were detected confirming that the
components interact primarily through physical contact rather than via chemical bonding [44]. Though
no new chemical bonds were formed within the spectra, the improvement in mechanical performance can
be attributed to enhanced physical interactions of the individual components [48]. A greater uniformity in
PCL and BF distribution increases the available interfacial contact area allowing for more efficient stress
transfer between phases [20,42,49]. The presence of PCL also promotes greater fiber wetting of the BF surface,
facilitating improved mechanical interlocking even without the presence of covalent bonding.

100y pLA9OPCL5BES

y———
. L\\VN‘W\‘\\
PLA9OMB10 ‘/W/ !
90 4

PLA50PCL25BF2

801 PLAS0MB50

70

60

. |l
m N

10

Absorbance

0
4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm-1)

Figure 6: Overlay spectra of the PLA-PCL-BF and PLA-MB composites
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3.5 Fracture Surface Morphology

Figs. 7-9 display SEM micrographs taken of the cross-sectional area of samples post-tensile testing in
order to visually analyze interfacial adhesion and fiber distribution based on the two processing methods
utilized. Fig. 7 compares the composites prepared at the lowest reinforcement loading, i.e., 10 wt.% total inclu-
sion. The images labelled 1a and 1b are PLA90PCL5BES5, respectively, while 2a and 2b present PLA90MBIO0.
The direct blended sample (1a and 1b) displays a homogenous matrix with the presence of distinct voids and
fibers scattered across the fractured surface showing clear signs of fiber pull-out and interfacial debonding.
These are indicative features of poor interfacial adhesion, a known phenomenon between PLA and BF when
there is no addition of a chemical coupling agent commonly maleic anhydride [50], as discussed in our
previous works [24,25]. In comparison, samples 2a and 2b (PLA90MBI0) present a much greater distributive
network of fibers within the surrounding matrix with no presentation of fiber debonding.

1a. 2a.

d S " e L 4 . <
SEM HV: 20.00 kV WD: 17.02 mm MIRA\ TESCAN SEM HV: 20.00 kV WD: 17.56 mm
SEM MAG: 200 x Det: BSE SEM MAG: 200 x Det: BSE

View field: 888.7 pm

-
Performance in nanospace " View field: 888.7 pm

1b. 2b.

MIRAWTESCAN ~ SEMHV:2000kV  WD: 17.59 mm MIRA\ TESCAN
£ SEMMAG:200kx  Del:BSE 1

View field: 88.97 ym

Performance in nanospace n

View field: 88.87 pm Performance in nanospace

Figure 7: SEM micrograph displaying 1. B_1 and 2. C_1. Captioning “a” & “b” are indicative of 200x and 2000x
magnification, respectively
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1a. 2a.

SEM HV: 20.00 kV WD: 16.60 mm MIRAWTESCAN  SEM HV: 20,00 kV WD: 17.40 mm MIRA\ TESCAN
SEM MAG: 200 x Det: BSE SEM MAG: 200 x Det: BSE 4
View field: 888.7 ym Performance in nanospace View field: 888.7 ym

1b. 2b.

Performance in nanospace "

SEMHV:2000KV  WD: 16.60 mm L MIRANTESCAN ~ SEMHV:2000KV  WD: 17.40 mm MIRAN TESCAN
SEMMAG:200kx  Det: BSE SEMMAG:200kx  Det: BSE H
View field: 88.87 ym Performance in nanospace View field: 88.87 ym

Performance in nanospace n

Figure 8: SEM micrograph displaying 1. B_2 and 2. C_2. Captioning “a” & “b” are indicative of 200x and 2000x
magnification, respectively. Yellow circle indicates are of fiber agglomeration
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la. 2a.

SEMHV:2000kV  WD: 17.17 mm . MIRAN TESCAN
SEMMAG: 200 x Del: BSE 4
Performance in nmpuon View field: 888.7 ym

1b. 2b.

SEM HV: 20.00 kV WD: 17.80 mm MIRAW\ TESCAN
SEM MAG: 200 x Det: BSE 4
View fleld: 888.7 pm

Performance in nanospace "
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SEMHV:2000kV  WD:17.17 mm MIRAN TESCAN
N

SEM HV: 20.00 kV WD: 16.69 mm MIRAW TESCAN
SEM MAG: 2.00 kx Det: BSE 7 SEMMAG: 2.00 kx Det: BSE
View field: 88 87 ym Performance in nanospace View field: 88.87 pm Performance in nlmsp-con

Figure 9: SEM micrograph displaying 1. B_3 and 2. C_3. Captioning “a” & “b” are indicative of 200x and 2000x
magnification, respectively. Yellow circle indicates area of fiber agglomeration with blue arrows highlighting fiber
pull-out

Fig. 8 presents the intermediate reinforcement level, namely PLA75PCLI2.5BF12.5 (la and 1b) and
PLA75MB25 (2a and 2b). Within the direct blended sample, there is widespread appearance of fiber
agglomeration, as shown in the region highlighted within a yellow circle. The agglomeration is evident
when coupled with the poor interfacial adhesion leading to non-symmetrical voids greater than the outer
diameter of the fibers. Again, the distribution of fibers and lack of agglomeration is readily evident within
the masterbatch prepared samples while the fracture morphology of the surrounding matrix appears much
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more rounded indicating a more ductile failure mechanism than that of the much more jagged direct blended
sample. The 2000x image lends credence to the masterbatching approach leading to improved adhesion
between the surrounding matrix and fiber. As can be seen in 3b, the residual fiber remaining within the
matrix displays a significant gap between the outer surface of the fiber and the matrix, whereas in 4b this gap
is non-existent, indicating a greater degree of fiber-matrix adherence.

Fig. 9 presents the highest loading of reinforcement, 50% of the total material. Within this image, the
previously mentioned issues of fiber agglomeration, fiber pull-out and interfacial debonding are greatly
pronounced. At 2000x magnification the fiber pull-out is to such an extent that there are fibers or fiber
residue present (blue arrow) indicating the fibers failed to adhere to the surrounding matrix. In contrast, the
PLA50MB50 sample displays fibers that are well-embedded into the surrounding matrix. Though there are
voids present, their symmetrical morphology is evidence of the absence of significant fiber agglomeration.

Though the samples prepared via the masterbatch approach showed much better dispersion, uniformity
and improved interfacial adhesion, it is of importance to note that there is a greater degree of fiber breakage
and fracture when compared to the direct blended approach. This is a limitation of the work performed
whereby a single masterbatch was prepared at a relatively high screw speed to ensure uniform mixing
of the fibers. Further studies with similar formulations but a lower rotational speed coupled with the
mixing capabilities of the PEX may be sufficient to negate these issues. While the SEM images provide
clear qualitative evidence of differences in fiber dispersion, interfacial adhesion, and breakage between
the two processing routes, no quantitative assessment of fiber length distribution, void ratios, or fiber
pull-out dimensions was performed in this study. Tensile fracture surfaces inherently introduce sampling
bias, as local deformation fields influence fiber orientation, degree of pull-out, and crack propagation
behaviour, making them unsuitable for reliable statistical measurement. Moreover, the focus of this work
was on comparing the overall processing influence of direct blending vs. masterbatching rather than
conducting a full morphological quantification. Future studies will employ controlled sample preparation
and standardized imaging protocols to enable accurate quantitative analysis of fiber geometry and dispersion.

3.6 Water Absorption Capacity

The comparison of water uptake of the virgin PLA and PLA-based composites over a 30-day period
is show in Table 6. As PLA is often presented as an advantageous bioplastic for packaging applications, it
is important that the modification or inclusion of additional materials does not significantly impact on the
inherent hydrophobic nature of the PLA. Owing to both PCL and BF being hydrophobic in nature, composite
materials of the three should in turn display a similar degree of hydrophobicity.

Table 6: Water absorption capacity of the PLA-BF-PCL composite samples. o: standard deviation

Sample %WA o

Al 072 018
B_1 0.82 0.10
B_2 0.67 0.09
B_3 0.66 0.28
C_1 056 018
C_2 0.64 0.06
C.3 0.83 0.03
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Virgin PLA (A_1) absorbed 0.72% =+ 0.18% over the 30-day submersion time, a low level of absorption
consistent with its hydrophobic nature. Amongst the direct blended samples, sample B_1 (PLA90PCL5BE5)
showed a mild increase in water uptake (0.82% + 0.10%) potentially due to the formation of microvoids at
lower filler levels or a result of fiber agglomeration during the processing [51]. With increasing filler levels,
however the water uptake decreased to 0.67% + 0.09% and 0.66% =+ 0.28% for B_2 and B_3, respectively. Li
et al. similarly examined the effect of incorporating PCL into PLA/PCL melt-blended films with an increased
affinity to water displayed by contact angle. Similarly, to the water uptake results showed herein (i.e., a minor
increase in hydrophilicity) the authors posited that the melt mixing of PCL and PLA leads to a greater
presence of more polar (carbonyl) groups within the system, thus accelerating the absorption of water [52].

4 Conclusions

This study offered a comprehensive investigation regarding the influence of processing methodology
(direct blending vs. masterbatch preparation) on the mechanical properties of PLA-based composites
dually reinforced with PCL and BE. Though both routes demonstrate the potential to alleviate the inherent
brittleness of PLA, the masterbatching approach yields greater fiber dispersion, improves interfacial adhesion
and presents a more homogenous fracture morphology, resulting in greater consistency across the entirety
of mechanical properties. Though the direct blended approach yielded higher peak values in some instances,
the irregularity of formulations reinforces the challenges posed by fiber agglomeration and poor interfacial
adhesion. SEM imaging displayed improved fiber-matrix adhesion in masterbatched samples, while the
water absorption capacity displays slight increases when compared to virgin PLA, indicating retention of the
hydrophobic properties. In essence, masterbatching presents a more industrially relevant and reproducible
approach to manufacturing PLA-PCL-BF composites with improved toughness and ductility. From an
industrial standpoint, PEX offers several advantages that complement the masterbatching approach. PEX
systems allow high throughput, highly distributive mixing and efficient heat transfer with comparatively low
shear stresses, making them well-suited to fiber-reinforced composite compounding where maintenance of
fiber integrity is crucial. Though shortening of the fibers was observed in this study, further optimisation of
processing parameters may help alleviate fiber damage with enhancement of mechanical performance.
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