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The mechanical and thermal properties of natural short latania fiber (SLF)-reinforced
poly(propylene)/ethylene-propylene-diene-monomer (SLF/PP/EPDM) bio-composites reinforced
with nano-clays (NCs), pistachio shell powders (PSPs), and/or date seed particles (DSPs) were
studied using experiments and machine learning (ML) predictions. This dissertation embraces
three related investigations: (1) an assessment of maleated polypropylene (MAPP) coupling agent
on mechanical and thermal behavior of SLF/PP/EPDM composites, (2) heat deflection temperature
(HDT) of bio-nano-composites using experiments and ML predictions, and (3) fracture toughness
ML predictions of short fiber, nano- and micro-particle reinforced composites. The first project
(Chapter 2) investigates the influence of MAPP on tensile, bending, Charpy impact and HDT of
SLF/PP/EPDM composites containing various SLF contents. The second project (Chapter 3)
introduces two new bio-powder-additives (DSP and PSP) and characterizes the HDT of PP/EPDM
composites using experiments and K-Nearest Neighbor Regressor (KNNR) ML predictions. The
composites contain various contents of SLF (0, 5, 10, 20, and 30wt%), NCs (0, 1, 3, 5wt%), micro-
sized PSPs (0, 1, 3, 5wt%) and micro-sized DSPs (0, 1, 3, 5wt%). The third project (Chapter 4)

characterizes the fracture toughness of the same composite series used in the second project, by



applying Charpy impact tests, finite element analysis, and a ML approach using the Decision Tree
Regressor (DTR) and Adaptive Boosting Regressor (ABR). 2wt% MAPP addition enhanced the
composite tensile/flexural moduli and strength up to 9% compared with the composites with zero
MAPP. In addition, energy impact absorption was profoundly increased (up to78%) and HDT (up
to 4 C°) was improved upon MAPP addition to the composites. SLF, NC, DSP and PSP could
separately and conjointly increase HDT and fracture toughness values. The KNNR ML approach
could accurately predict the composite’s HDT values and, Decision Tree Regressor (DTR) and
Adaptive Boosting Regressor ML algorithms worked well with fracture toughness predictions.
Pictures taken through a transmission electron microscope, scanning electron microscope and X-
Ray proved the NC dispersion and exfoliation as one of the factors in HDT and fracture toughness

improvements.
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CHAPTER I

INTRODUCTION

1.1 Motivation

Traditional composite materials containing stiff and strong fibers such as glass, carbon,
and aramid, with polymeric matrices, are commonly used in such industries as aerospace,
automotive, sporting and construction [1-3]. However, they have had drawbacks such as health
risk for inhalation, non-renewability, non-recyclability, and non-biodegradability. Thus, the idea
of bio-composites has come into play in the past two decades [4]. Fiber reinforced polymer (FRP)
green composites are increasingly used in many applications due to their high specific modulus
and strength, as well as eco-friendly characteristics [5]. Natural fibers such as coir [6], sisal [7],
bamboo [8], banana [9], rice husk [10], jute [11], kenaf [12], basalt [2, 13-15], flax [16], coconut
[17] etc. have been used to successfully reinforce cost-effective FRP green composites.
Nevertheless, latania natural fiber-reinforced composites have been rarely investigated. Latania

fibers are provided from the stem of latania plants from the palm tree family [5, 18].

Mechanical properties of various natural fibers are tabulated in Table 1.1. A typical hollow
structure of sisal fiber interior section was depicted by Silva ef al. [19] (Fig. 1.2). These holes in
the fiber might reduce the composite’s strength. Fig. 1.3. shows a cross section view of a latania
fiber [18]. Comparing Figures 1.1 and 1.2 indicates that the porosity of a latania fiber is less than

that of the sisal fiber.



Table 1.1

Mechanical properties of various natural fibers for composite applications [4].

Natural fibers Tensile strength (MPa) Elongation at break (%) Young modulus (GPa)
Flax 300-1500 1.3-10 24-80
Jute 200-800 1.16-8 10-55
Sisal 80840 2-25 9-38
Kenaf 295-1191 35 2.86
Pineapple 170-1627 2.4 60-82
Banana 529-914 3 27-32
Coir 106-175 14.21-49 4-6
Oil palm (empty fruit) 130248 9.7-14 3.58
Oil palm (fruit) 80 17

Ramie 348-938 1.2-8 44-128
Hemp 310-900 1.6-6 30-70
Wool 120-174 25-35 2.3-34
Spider silk 875-972 17-18 11-13
Cotton 264-800 3-8 5-12.6

One of the prevalent matrices used in natural composites is polypropylene (PP).
Widespread use of PP in packaging, automotive, textile, and non-structural applications are based
on the ease of PP’s processing [20]. PP though has a relatively low impact strength leading to its
limited use in structural designs, most importantly at lower temperatures. Addition of various
elastomers as modifiers contribute to an increase in PP’s toughness and strength. The impact
strength of modified thermoplastics can be four times higher than the unmodified ones [5, 21].
One type of modifier is the ethylene—propylene—diene monomer (EPDM) [5, 18, 22] which can

significantly improve the modified PP’s impact strength.



Figure 1.1  Cross section of a sisal fiber [19].

Figure 1.2 Cross section of a latania fiber [18]
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Increasing demands to enhance the mechanical and thermal performance of green structural
composite materials has led to investigations of new natural reinforcing fillers. Natural powder
fillers have not received much attention in literature as opposed to some synthesized fillers such
as silica and calcium carbonate [13, 23-24]. Since pistachio shells and date seeds are waste bio-
materials, their successful use as reinforcement materials can further contribute towards
environmentally friendly engineering solutions. Pistachio shells and date seeds are ligno-
cellulosic agricultural residues. Since they have no current important industrial usages and are
normally incinerated or dumped. Burning agricultural residues may cause environmental air

pollution, soil erosion and decrease in soil biological activities [25-26].

1.2 Machine Learning Approach

As a subset of artificial intelligence (AI), machine learning (ML) aims to understand and analyze
the data structure fitting them into models which are capable of prediction and, if possible,
optimization. ML algorithms let computers get training on input data, and use statistical methods
to predict the outputs [27]. There are many similarities between ML and statistics, however, the
relation between ML and statistics is analogous to that of pharmacology and chemistry.
Nowadays, ML has benefited many technology users. Facial recognition technology,
social media, self-driving cars, and optical character recognition (OCR) technology that converts
text images into movable type are just some of the ML applications [27]. ML is growing fast and
has a bright future in expanding the boundaries of simulation, modeling, prediction and
optimization of mechanical and thermal behaviors of structural materials. K-Nearest Neighbor
Regressor (KNNR) ML approach is used to predict heat deflection temperatures (Chapter 3), and
the Decision Tree Regressor (DTR) and Adaptive Boosting Regressor (ABR) are employed to

predict fracture toughness (Chapter 4) of multiscale bio-nano-composites.
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CHAPTER II

INFLUENCE OF MALEATED POLYPROPYLENE COUPLING AGENT ON
MECHANICAL AND THERMAL BEHAVIOR OF LATANIA FIBER-REINFROCED

PP/EPDM COMPOSITES

2.1 Abstract

The influence of maleated polypropylene (MAPP) on the mechanical/thermal properties of short
latania fiber-reinforced poly(propylene)/ethylene-propylene-diene-monomer (SLF/PP/EPDM)
composites was investigated. Two different MAPP weight percentages (0 and 2wt%) and five
different fiber weight contents (0, 5, 10, 20, and 30wt%) were considered, where the density of
MAPP at the fiber surfaces progressively decreased. For a given fiber loading, addition of 2wt%
MAPP led to roughly a 3-9% increase in tensile/flexural moduli and strengths over
SLF/PP/EPDM composites with no MAPP. Moreover, composites containing MAPP displayed a
profound improvement (37-78%) in impact energy absorption. In addition, composite heat
deflection temperatures notably increased by 3—4°C with MAPP addition. Microscopic imaging
suggested that matrix crazing, fiber pull-out, and fiber fractures were key failure mechanisms.
Hence, SLF/PP/EPDM composites modified with 2%wt MAPP may serve as a low-cost

alternative to other natural fiber thermoplastic composites.

2.2 Introduction

Composite materials play a major role in most industries including aerospace,

automotive, home appliance, construction, marine, and sporting goods [1]. Use of synthetic
8



materials raises environmental concerns, so there is an increasing investment in developing
natural composite materials. “Green” composites composed of natural materials and fibers may
consume less energy over their lifecycles, improve specific stiffness and toughness versus glass
fibers [2-5], exhibit biodegradability, and enhance biocompatibility [6-8] for medical
applications [9]. Moreover, European Parliament rules seek CO» emission targets for new cars to
be lower than 120, 95 and 70 g/km by 2015, 2020, and 2025, respectively [10]. The use of
automotive biodegradable materials can help achieve this. These goals encourage research on
natural materials and green composites [11-15].

Often natural fibers surfaces are chemically treated to facilitate fiber-matrix compatibility
and bonding [14]. In addition, the use of coupling agents in natural fiber composites can improve
fiber/matrix adhesion [12-13, 16-19]. Many researchers, therefore, have investigated the effect of
adding coupling agents or using fiber surface treatments [20]. For example, maleated
polypropylene (MAPP) coupling agents and maleic anhydride (MAH) grafted poly(ethylene
octane) compatibilizers increased the tensile, bending, and impact strengths of hemp
fiber/polypropylene (PP) composites [13]. Moreover, the maximum decomposition temperatures
were raised by hemp fiber addition. The mechanical and thermal properties of jute fabric-
reinforced poly(butylene succinate) (PBS) biodegradable composites were influenced by fiber
surface treatments [16]. Use of alkali-silane-treated jute fabric/PBS increased the tensile modulus
(10.8%), tensile strength (16.4%), flexural modulus (21.9%) and flexural strength (24.2%)
compared to composites with untreated jute surfaces.

Maleated polyethylene (maleic anhydride-grafted to polyethylene, MAPE) and MAPP are
widely used coupling agents. In natural fiber composites, chemically bond to hydroxyl groups on

cellulosic fiber surfaces by rectification reactions that open the maleic anhydride rings; both
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MAPE and MAPP lower fiber surface polarity and entangle with nonpolar polymer matrices like
polyethylene, PP, ethylene-propylene-diene-monomer (EPDM), etc. [13, 17, 21-24].

Yang et al. [17] improved the tensile and impact properties of polyethylene (PE)
reinforced with wood or rice husk flours by adding MAPE or MAPP. MAPE gave better tensile
properties than using MAPP, but MAPP led to greater improvements in impact properties than
for MAPE. Scanning electron microscope (SEM) micrographs of MAPE/PE composite impact
specimens displayed numerous filler particles and no filler particle pull-outs. In contrast,
MAPP/PE composites showed traces of filler particle pull-out, and fractured filler particles. The
tensile and flexural strengths of wood fiber/PP composites with blended m-isopropenyl-a, a-
dimethylbenzyl-isocyanate (m-TMI) into isotactic PP (m-TMI-g-PP) increased 45% and 85%,
respectively [18]. Also, the optimum composite tensile and impact properties corresponded to
4wt% MAPP addition to 30 and 40wt% oil-palm fiber reinforced HDPE [19]. Use of MAPE and
raising the amount of hemp fiber increased both the compressive moduli and yield stresses
relative to neat HDPE [21]. Also, addition of MAPE and hemp fiber increased the impact energy
absorption when the fiber loading rose to 15wt%. Flax, hemp or sisal fiber/PP composites
stiffness, strength, and impact properties were optimized by varying MAPP/fiber weight ratios,
in the range 0.10-0.13 [22]. As an aside, the flax, hemp and sisal fibers considered in Ref. [22]
were initially surface treated via alkalinization; a combination of fiber surface chemical
treatment and use of coupling agents can improve composite properties.

To the best of the authors’ knowledge, Daghigh ef al. [25] were the first to investigate the
mechanical (tensile) properties of untreated natural latania fiber-reinforced PP/EPDM
composites. This work was extended to characterize the tensile, impact and fracture mechanics
properties of untreated latania versus untreated jute fiber-reinforced PP/EPDM [26]. The tensile
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and impact properties of seldom studied latania fiber-reinforced PP/EPDM were superior to
those with widely used jute fiber reinforcement [25-26]. No reports have described optimizing
the ratio of a coupling agent to latania fiber composites. Latania is one of the palm tree families
originating in the islands of the western Indian Ocean. Fibers are obtained from the phloem or
the bast surrounding the stem of the plant. [24]. Herein, we report how MAPP addition to latania
fiber/PP/EPDM composites affects mechanical (tensile, bending, impact) and thermal properties.
Untreated latania fiber loadings of 0, 5, 10, 20 and 30wt% and MAPP weight percents of 0 and

2wt% were investigated. The optimized MAPP to latania fiber ratio was found.

23 Experimental Procedure
2.3.1 Materials

PP and MAPP were supplied by Masoom Co., Iran and Sigma Aldrich Chemical Co.,
USA, respectively [25-26]. Latania fibers were provided from the Agricultural Department,

Tehran, Iran. Figs. 2.1 (a) and (b) show latania fibers before and after being chopped [26].
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(b)

Figure 2.1  Latania fibers before being chopped (a), Latania fibers after being chopped (b).
Ref. [26].

2.3.2 Specimen Preparations

A guillotine machine (Wiser A-8992 Altaussee, Germany) was used to cut the latania

fibers into roughly 10 mm lengths. The fibers were then shortened to a maximum length of 2 mm

12



during blending with PP/EPDM. Short latania fiber (SLF)-reinforced PP/EPDM batches
containing 0, 5, 10, 20 and 30wt% of fiber were each prepared by single extrusions of granulated
PP/EPDM and chopped latania fibers at 180°C and through a 60 RPM dual (twin) screw extruder
(Collins Extrusions Ltd, Birmingham, UK). The extruder strands were pulled through a cool
water bath to avoid thermal decomposition or possible fiber burning. These blends were cooled
to room temperature and then pelletized. The pellets were then desiccated at 80°C for 24 h.
Finally, tensile, bending, Charpy impact and heat deflection temperature (HDT) test specimens
were produced using an injection moulding machine (EM 80, Aslanian Co.) at 165-180°C using

the exact procedures described in [11, 25-26].

24 Mechanical and Thermal Testing Procedures and Equipment

ASTM D-638 tensile tests and ASTM D-790 three-point bending tests were conducted
using a SANTAM Universal Testing Machine-STM-20 (Santam Co., Tehran, Iran) with a 2 kN-
load cell, at the cross-head speed of 5 mm/min consistent with [26]. ASTM D-256 Charpy
impact tests were performed using a Santam Instrumented Impact Tester (Model: ZBC1251,
Santam Co.) [26]. ASTM D-648 HDT tests were carried out using a HDT-Tester HV-2000A,
(GoTech Co., Taiwan) for a prescribed stress, maximum deflection and rate of temperature
increase of 1.82 MPa, 0.25 mm and 2°C/min, respectively. A total of three repeat experiments
were performed for each specimen geometry and material combination. After testing, the failure
surfaces of tensile, bending and impact specimens were studied by SEM (Oxford Instruments,
Model 7718, England), in order to examine the fracture morphology and the fiber/matrix

interfaces. Gold coating was employed to increase the SEM clarity.
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2.5

2.5.1

Results and Discussion

The Influence of MAPP on the Tensile Behavior of SLF/PP/EPDM Composites

ASTM standard D-638 tensile tests were conducted on SLF/PP/EPDM composites

containing varying amounts of fibers to determine the effect of MAPP on tensile properties. The

properties of neat SLF/PP/EPDM specimens with no MAPP are compared with the

corresponding composites with 2wt% MAPP. The tensile moduli (Fig.2.2) and tensile strengths

(Fig.2.3) of the neat composite (no MAPP) both steadily increased with increasing fiber content.
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Figure 2.3  Tensile strength versus fiber content for SLF/PP/EPDM composites without and
with 2wt% MAPP [26].

Increasing the fiber loading from 5wt% to 30wt% resulted in an improvement in modulus and
strength of over 50% and 70%, respectively. Addition of 2wt% MAPP to the composites led to a
further enhancement in tensile moduli and strengths of roughly 3-7% and 3-9%, respectively (Figs.
2.2-2.3). In general, the relative amount of tensile property improvement decreased as the fiber
content was increased from 5 to 30wt%, because the ratio of MAPP to SLFs decreases. This makes
sense since a fixed amount of MAPP (2%wt) must be transported to the fiber surfaces during
extrusion and then distributed over a much larger total fiber surface area as the fiber loading is
increased. For example, the tensile moduli increased by 7.9%, 4.6%, 4.3%, and 3.3% for
MAPP/SLF weight ratios of 0.4, 0.2, 0.1, and 0.067, respectively (Fig. 2.2). The tensile strength
increased by 9.8%, 3.7%, 5.5% and 5.8% for MAPP/SLF weight ratios of 0.4, 0.2, 0.1, and 0.067,
respectively (Fig. 2.3). Over this range of SLF loadings (5-30wt%), use of MAPP leads to

improved coupling between the SLF and PP/EPDM. The tensile strength enhancement (9.8%) due
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to MAPP for SLF/PP/EPDM composites with 5wt% fibers (MAPP/SLF ratio, 0.4) is slightly better
than that reported by Arrakhiz [27] for pine cone fiber-reinforced PP and FG1901X compatibilizer,
which gave a 6% tensile strength enhancement over that of neat PP. Also, the improvement in
SLF/PP/EPDM composite tensile properties with increasing SLF content for specimens with no
coupling agent is caused by physical anchoring of SLF in the polymer [27]. Better fiber-to-matrix
adhesion between the fiber and matrix accounts for the positive role of MAPP on tensile properties
improvement [28-29]. The tensile properties for SLF/PP/EPDM with 2wt% MAPP are the same

as mentioned in [26].

2.5.2 Influence of MAPP on Flexural Behavior of SLF/PP/EPDM Composites

ASTM standard D-760 three-point flexural tests were performed on SLF/PP/EPDM
composites containing varying fiber amounts to assess the effect of MAPP on flexural properties.
Composite flexural moduli and strengths are shown in Figs. 2.4 and 2.5, respectively, for the neat
SLF/PP/EPDM specimens with no MAPP versus the corresponding composites with 2wt%
MAPP. Similar to the cases for tensile specimens, the flexural moduli for the neat composites
steadily increased with increasing SLF loadings (Fig. 2.4). Increasing the fiber content from
Swt% to 30wt% resulted in roughly an 8% improvement in modulus. Addition of 2wt% MAPP
further increased the composite moduli by roughly 4-9%, depending on the fiber loading. Adding
2wt% MAPP resulted in bending modulus increases of 4.2%, 2.4%, 9.3% and 4.7% for 5, 10, 20
and 30wt% fiber contents, respectively. In contrast, the flexural strengths of the neat
SLF/PP/EPDM composites initially increased with SLF loading (5-10wt%), but the rate of
strength improvement became less pronounced with further increases in fiber context (Fig. 2.5).

This makes sense since SLFs will be less effective in resisting compressive stresses in bending.
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Nonetheless, increasing the SLF loading from 5-30wt% resulted in roughly a 46% improvement

in flexural strength.
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Figure 2.4  Flexural modulus versus fiber content without and with 2wt%. MAPP for
SLF/PP/EPDM composites.
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Figure 2.5  Flexural strength versus fiber content without and with 2wt% MAPP for
SLF/PP/EPDM composites.

2.5.3 MAPP Influence on the Impact Behavior of SLF/PP/EPDM

ASTM standard D-256 Charpy impact tests were conducted on SLF/PP/EPDM
composites with 5, 10, 20, and 30wt% fibers to assess the effect of MAPP on impact properties,
and to characterize both energy absorption and fracture morphologies. Figure 2.6 shows the

energy absorbed as a function of fiber weight percent for SLF/PP/EPDM composites containing

0-30wt% SLF (no MAPP).
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19



For relatively small amounts of SLFs (5-10wt%), the impact energy absorption fell below that
for the neat PP/EPDM. At higher fiber loadings (>15wt%), the impact energy absorption
exceeded that for the neat matrix and increased significantly with further increases in fiber
weight percentages. The initial drop in impact energy absorption at small fiber loadings is
consistent with results of Khalili ef al. [11]; in that study, however, the impact energy absorption
was a decreasing function of fiber loading over all fiber weight fractions considered. Figure 2.6
also contains a plot of the impact energy absorbed for SLF/PP/EPDM composites (5-30wt%SLF)
containing 2wt% MAPP. The effect of MAPP on the properties of the neat PP/EPDM matrix
(Owt% SLF) was not considered. The addition of MAPP improved the impact energy absorption
of the composites substantially. For example, inclusion of MAPP led to a 78%, 74%, 41%, and
37% improvements in energy absorption for composites containing 5, 10, 20, and 30wt% SLFs,
respectively. As mentioned previously, the relative improvement in composite properties due to
the presence of MAPP is more pronounced at lower SLF weight fractions. This suggests that the
weight fraction of MAPP should be increased in proportion to the weight fraction total or surface
areas of SLFs in order to optimize interfacial adhesion between matrix and fiber. For a given
weight fraction of untreated latania fibers, the addition of 2wt% MAPP led to a greater relative
improvement in dynamic impact energy absorption (Fig. 2.6) than for quasi-static moduli (Figs.
2.2,2.4) or strengths (Figs. 2.3, 2.5). This makes sense since MAPP chain disentanglement prior
to chain breakage is highly time-dependent. Fiber-to-matrix adhesion also depends on the fiber
surface roughness and chemistry, the MAPP chain length at a given fiber surface, and the surface
density of MAPPs attached to the fibers. As an aside, Ref. [22] investigated the effect of MAPP
on the impact and tensile properties of relatively long flax, hemp, and 30 mm long sisal fiber/PP

composites.
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Several fracture deformation and failure mechanisms may contribute to these toughness
enhancements. They include crack bridging by latania fibers, fiber splitting/fracture/pull-out, and
matrix fracture [26, 29, 31, 34]. Fillers (e.g., micro-glass powders) [4-5] or small amounts of
non-reinforcing short fibers can either serve as crack propagation barriers that provide increased
toughness or stress risers that reduce fracture toughness [5]. SLF/PP/EPDM composites

containing 5wt% and 10wt% fibers (no MAPP) absorbed less impact energy at fracture than did

PP/EPDM alone (Fig.2.6). Once the fiber content was increased to >20wt%, the absorbed impact

energy of the composite exceeded that of neat PP/EPDM. At these SLF weight fractions, a
greater number of fibers are available to bridge or deflect cracks and to provide physical
anchoring. Sawpan et al. [35] reported similar Charpy impact test results for 3 mm long hemp
natural fiber-reinforced composites with the fiber volume percentages of 30, 40, and 50v%. In
that study, the fracture toughness decreased for composites containing 30v% fiber relative to the
neat matrix, but increased for composites containing 40v% and 50v% fibers.

Addition of 2wt% MAPP improved the impact energy absorption over the entire range of
considered fiber weight fractions (5-30wt%). The use of MAPP provides better fiber/matrix
interfacial adhesion and correspondingly more impact energy dissipation. The improved bonding
between the fiber and matrix via MAPP’s PP interaction with the PP/EPDM matrix enhances the
composite fracture toughness, even at low SLF weight fractions (5, 10wt%). As an aside, the
impact properties of SLF/PP/EPDM notched specimens with 2wt% MAPP were measured in our

previous work [26].
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2.5.3.1 G. determination

Linear elastic fracture mechanics (LEFM) concepts [36] were employed to determine the
critical strain energy release rates (G.) for every Charpy impact test specimen. The total impact
energy absorbed (U.) was measured during each test. The specimens were quasi-brittle with no
large-scale viscoelasticity. The use of notched specimens promoted the formation of sharp cracks
and subsequent brittle fracture, diminishing the plastic zone ahead of crack tip. Therefore, LEFM
can be used to determine the toughness parameters. The critical strain energy release rate

(fracture toughness) (G¢) during Charpy impact testing may be expressed as [36]:

_F?aC

- - 2.1
¢ 2Bada @D

where F is the force exerted on the middle of specimen by the anvil, a is the crack length, C is
the material compliance and B is specimen thickness. From Ref. [36], the fracture toughness may

also be expressed as:

G, = (3.2)

where U. is the (measured) energy absorbed at fracture, 6 is a geometrical function that depends
on the specimen geometry, and D is the specimen width. The specimen thickness for the notched
specimen was B=7.1 mm, the specimen width was D=12.7 mm, and the support span was 40
mm. Using the data summarized in [36] for the notched Charpy impact specimens, a value

6=0.369 was adapted here [36].
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In this study, the G. value was based on Eq. (2) for the notched impact samples. Fig.2.7
shows the critical strain energy release rates, G, and those calculated for SLF/PP/EPDM
composites with and without 2wt% MAPP as a function of fiber content. Not surprisingly, the
essential character of the G. versus fiber content relationship was the same as for the measured
energy absorption (Fig. 2.6). The addition of 20wt% MAPP to the composite resulted in a

substantial increase (78%-38%) in the absorbed fracture toughness values.

254 Measurement of Heat Deflection Temperature (HDT)

The HDT is the temperature at which a polymeric specimen deflects through a three-
point bending in the edgewise direction under a specific stress as per ASTM D648. The HDT
values are strongly influenced by the composite stiffness (i.e., fiber content), matrix hardness,
and matrix glass transition temperature [37]. Certain composite product designs and
manufacturing require specification of the HDT. Since injection molding is used to produce one
third of all polymeric products manufactured by weight in the world [38], characterization of the
HDT can be used to establish optimal fabrication procedures and reduce costs. Parts are typically
removed from their mold only when the temperature is below or near the HDT. In HDT testing,
flexural specimens are subjected to a designated mechanical load while simultaneously
increasing the temperature up to the HDT. Fig. 2.8 summarizes and compares the HDT for neat

PP/EPDM and for all eight SLF/PP/EPDM composites with and without MAPP.
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Figure 2.8 ~ Measured HDT for SLF/PP/EPDM composites fabricated with and without 2wt%
MAPP with varying fiber contents.

2.6 SEM Images and Fracture Morphology

Fractured surfaces after the tensile, bending and impact testing were observed by SEM.
Damage accumulation prior to failure in polymeric composites includes crack initiation/growth
and other energy absorption phenomena. The damage progression is governed by complex
interactions between constituents, the fiber volume fraction, fiber/matrix interfacial properties
and adhesion, stochastic variations in fiber strengths, as well as matrix strengths [41]. Damage to
a 20%SLF/PP/EPDM containing 2wt% MAPP during bending testing occurred as fibers resisted
crack formation/propagation. Fig. 2.9a shows a microscopic image of the lower (tensile) surface
of a bending specimen during the test where fibers and surface crack formation has occurred. In
the upper inset, white crazed regions orthogonal to the fibers indicated high strain regions in the

matrix where microvoid nucleation/growth and surface crack formation is likely [34]. Fig. 2.9b
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shows the lower surface of the bending specimen where subsequent fiber/matrix debonding and
surface crack formation has occurred. SLFs in the PP/EPDM composites serve to blunt crack
propagation, and the presence of MAPP enhances the adhesive strength between the fiber and the
matrix, thus, improving the bending properties. Figures 2.10 and 2.11 show SEM images of
brash [42] tensile failures along the fracture surfaces in 30%SLF/PP/EPDM and
20%SLF/PP/EPDM composites subjected to tensile and impact testing, respectively. Fiber
breakage is one key indicator of energy absorption because the fibers impede/arrest existing
crack propagation, which necessitates additional energy release due to new crack initiation [43].
Figures 2.10 and 2.11 clearly depict the presence of cellulose micro fibrils in the SLF cross

section; a single natural fiber may effectively, act as a fiber bundle [43].
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Figure 2.9 (a) Lower surface of 20wt%SLF/PP/EPDM with 2wt% MAPP during bending;
the fibers shown resist against crack propagation; (b) Lower surface of
20wt%SLF/PP/EPDM during bending, debonding between fiber and matrix
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SEMHV:20.00kV  WD: 15.2640 mm VEGAW TESCAN
SEMMAG: 1.00k<  Det: SE 50 um wl

Figure 2.10  Fracture surface of 30wt%SLF/PP/EPDM containing 2wt% MAPP after tensile
test (magnification, 1000x)

SEMHV: 20.00KV  WD: 13.9730 mm VEGAW TESCAN
SEMMAG:500%x  Det:SE 100 pm wi

Figure 2.11 Fiber fracture in 20wt%SLF/PP/EPDM containing 2wt% MAPP after an impact
test (magnification, 500x)

Fig. 2.12 shows fiber/matrix debonding in 20%SLF/PP/EPDM with 2wt% MAPP. Figures 2.12b

and 2.12c¢ show how MAPP entangled in the PP/EPDM matrix enhances fiber-matrix adhesion
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through the formation of elongated polymer strands that span the gap between debonded SLFs
and the PP/EPDM matrix. As an aside, SEM images of fractured SLF/PP/EPDM composites
without MAPP displayed the same fundamental failure mechanisms as those shown in Figs. 2.9-
2.12, but these failures occurred at lower applied stress levels.

In short, maleic anhydride functions of MAPP bond to latania fiber surface hydroxyl
groups by the formation of covalent ester bonds. These anchor MAPP to the fiber surface while
the MAPP’s PP chains are compatible and entangle with the PP/EPDM chains of the matrix (cf.,
Fig.2.12c). Rupturing these adhesive interconnections expends more energy during debonding or
pull-out. By and large, the presence of the coupling agent (MAPP) promotes enhanced
fiber/matrix adhesion. Chemical bonding by MAPP to the fibers and its entanglement with the
PP/EPDM matrix increases the energy revealed during de-cohesion and may also increase the
frictional energy associated with fiber-outs. More fracture energy dissipation and consequently

more impact energy absorption capability are therefore expected.
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Figure 2.12  Fiber debonding in 20%SLF/PP/EPDM with 2wt% MAPP after tensile test with
magnifications of (a) 750x, (b) 3000x, and (c) 8500x.

2.7 Conclusions

The effect of 2wt% MAPP coupling agent on the mechanical behavior of composites
comprised of short latania fibers (SLFs) in a PP/EPDM matrix was investigated. SLF/PP/EPDM
tensile, flexure, and Charpy impact specimens with 5, 10, 20, and 30wt% fiber loadings were
fabricated both with and without 2wt% MAPP. This created MAPP to fiber ratios 0of 0.4, 0.2, 0.1,
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and 0.067, respectively. For a given fiber volume fraction, addition of 2wt% MAPP led to an
increase in tensile moduli and strengths of roughly 3-7% and 3-9%, respectively, compared to
SLF/PP/EPDM composites with no coupling agent. For a fixed amount of MAPP (2wt%), the
relative improvement in mechanical properties generally decreased with increasing SLF weight
fraction since the coupling agent must be distributed over a much larger total fiber surface area.
Similarly, the composite flexural moduli and strengths increased by 4-9% and 4-8%,
respectively, relative to composites prepared without MAPP. Moreover, composites fabricated
with 2wt% MAPP displayed a profound improvement (37-78%) in impact energy absorption
versus analogous composites with no coupling agent; clearly, use of MAPP provides better
fiber/matrix interfacial adhesion and correspondingly more impact energy dissipation. This
suggests that MAPP may be used to enhance SLF/PP/EPDM fracture properties for applications
where improved energy absorption is of paramount importance (i.e., impact and perhaps crash).
Furthermore, addition of 2wt% MAPP increased the composites’ heat deflection temperatures
(HDTs) by roughly 3.5°C. A modest increase in HDT can greatly facilitate composite
manufacturing by permitting demolding of parts at elevated mold temperatures, thus reducing
requisite cool-down times.

Lastly, scanning electron microscopy was used to examine the fracture surfaces of select
tensile, bending and impact specimens. The SLF/PP/EPDM failure mechanisms included
microvoid nucleation/growth, matrix crazing, matrix cracking, fiber/matrix debonding, SLF
pullouts, and SLF brash tensile fractures. Addition of MAPP arguably delays the onset of failure
due to improved fiber matrix adhesion associated with the formation of covalent bonds between
MAPP and the SLF fiber surfaces, anchoring MAPP to the fibers, combined with the MAPP
polymer chain entanglement within the PP/EPDM matrix. These results suggest that
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SLF/PP/EPDM composites modified with 2%wt MAPP may serve as a low-cost viable
alternative to other natural fiber thermoplastic composites. In the future, this work may be
extended to determine the MAPP/SLF ratio necessary to optimize composite mechanical
properties for a given fiber loading. In general, differences in natural fiber characteristic sizes,
surface chemistries, and surface morphologies make direct comparisons between two different
natural fiber composite systems problematic. In addition, MAPP concentrations, MAPP/fiber
surface area ratios, MAPP molecular weights, PP/EPDM ratios and molecular weights, and other

similar factors all play a crucial role in quasi-static and dynamic composite bulk properties.
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CHAPTER III

HEAT DEFLECTION TEMPERATURES OF MULTISCALE BIO-NANO-COMPOSITES

USING EXPERIMENTS AND MACHINE LEARNING PREDICTIONS

3.1 Abstract

Biocompatibility, biodegradability, and enhanced properties are remarkable features of
bio-composites designed to reduce and replace conventional non-biodegradable polymeric
materials. Therefore, it is crucial to propose reliable yet economically efficient new bio-
composites. Nano-clays (NCs), short latania fibers (SLFs) and new bio fillers, e.g. pistachio shell
powders (PSPs) and date seed powders (DSPs), were used to reinforce poly(propylene)/ethylene-
propylene-diene-monomer (PP/EPDM) composites. Heat deflection temperature (HDT) tests
were conducted. Then a machine learning (ML)-based prediction tool, the K-Nearest Neighbor
Regressor (KNNR), was used to investigate HDTs of various bio-composite compositions.
KNNR was employed in this study versus the Decision Tree Regressor (DTR) and Adaptive
Boosting Regressor (ABR) ML approaches utilized in the previous study by Daghigh et al. [1]
for fracture toughness predictions. Furthermore, in contrast to other natural fiber composites,
SLF composites have been seldom investigated. Different contents of SLFs, NCs, macro-sized
PSPs and macro-sized DSPs were added to the PP/EPDM to investigate the combined effects of
bio-fiber, nano-particulate, and macro bio-particulate reinforcements. This research helps
develop an understanding of how such low-cost bio-reinforcements influence the HDT of

PP/EPDM composites. ML predictions were used to develop lightweight, cost-effective materials
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where their use temperatures can be improved. KNNR ML analysis suggested the key factor

influencing HDT are SLFs, NCs, DSPs, and PSPs in the order stated.

3.2 Introduction

Many end-use applications in military, medicine, power and energy, and transportation
markets attest to the seminal importance of lightweight composites. Global warming and
demands for eco-friendly products have motivated the use of bio-composites and natural
reinforcements to provide a driving force for sustainable solutions [1-2]. Basalt natural fibers [3-
6], hemp, kenaf and flax [7-10], jute [11-12], sisal and coir [13-14], curaua [15], coconut [16],
pineapple leaf [17], etc. have all been used to reinforce polymer matrix composites. However,
reports documenting latania natural fiber-reinforced composites are rare [2, 18]. Latania is a
genus of an abundant flowering plant in the palm tree family originating in the Mascarene
Islands in the western Indian Ocean. Latania fibers are the skin fibers provided from the phloem
or the bast surrounding the plant’s stem [18].

In the literature, nanoparticles or microfillers have been added to reinforce composites for
final cost and shrinkage reductions, elastic moduli enhancement, performance improvement at
higher temperatures, greater hardness, impact improvement, wear resistance, and machinability
enhancement [4, 19]. As the average particle size drops for a fixed filler volume fraction, the
total surface area of the filler sharply rises. Nano-sized particles have huge specific surface areas.
They cause liquid resin viscosities to rise dramatically with increasing filler volume fractions and
cause composite properties to drastically change [20]. Large particles are easier to make and to
blend; however, they do not influence most bulk properties in the same way as much smaller

particles.
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Increasing demands to enhance the thermal/mechanical performance of green structural
composite materials has led to investigations of new natural reinforcing fillers. Natural powder
fillers have received less attention compared to prevalent synthetic fillers such as silica and
calcium carbonate [4, 18, 21]. In the present work, new pistachio shell powders (PSPs) and date
seed powders (DSPs) are introduced for the first time as filler reinforcements. PSPs, DSP, as
well as nano-clays (NCs) and short latania fibers (SLFs) were added into
poly(propylene)/ethylene-propylene-diene-monomer (PP/EPDM) composites. These fillers may
improve composite thermal and mechanical properties, reduce cost, and enhance
recyclability [22]. Since pistachio shells and date seeds are ligno-cellulosic agricultural wastes,
their use as reinforcements is a green application. They have no current important industrial
usages and are normally incinerated or dumped. Burning agricultural residues may cause
environmental air pollution, soil erosion and reduced soil biological activity [23-24].

A few studies have reported thermal/mechanical properties of bio-filler reinforced
composites. Ghabeer et al. [21] studied the thermal and mechanical characterization of chicken
eggshell/PP composites prepared by melt extrusion containing 10-40wt% untreated and stearic
acid-treated eggshells. The crystallization temperature of the composite was increased by adding
10wt% eggshell into PP. However, the impact strength decreased after incorporating eggshell
into PP. Essabir et al. [25] studied the effect of both particle size and loading on the mechanical
and thermal properties of PP composites reinforced with particulated Argan nut-shells (ANs).
Different size ranges from less than 125 pm to a maximum 360 pm diameter were selected.
Scanning electron microscopy (SEM), Fourier Transform Infrared Spectroscopy (FT-IR),
Thermo Gravimetric Analysis (TGA), Differential Thermal Analysis (DTA) and tensile tests
were used to characterize PP composites containing 10, 15, 20 and 25wt% AN particles.
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Young’s modulus increased up to 43% with particle addition versus neat PP. Also, decreasing
AN particle sizes raised the modulus. The composite thermal stability temperature slightly
decreased (256-230°C) with particle loading from 10 to 25wt% compared with neat PP (258°C).
Later, Essabir et al. [26] used almond shell (AS) particles (100 um diameter) to reinforce PP.
Particle contents of 5, 10, 15, 20, 25, 30wt%, with and without the compatibilizer styrene—
(ethylene—butene)—styrene tri-block copolymer grafted with maleic anhydride (SEBS-g-MA),
were added to study composite mechanical, thermal and rheological properties. The AN particle
addition (30wt%) with MA compatibilizer led to a 35% Young's modulus increase. Initial
thermal decomposition temperatures also increased upon adding AS particles.

The key objective of the research herein is to study the influence on thermal properties of
adding short latania fibers (SLFs), nano-clays (NCs), pistachio shell powders (PSPs), and fractal
date seed particles (DSPs) to poly(propylene)/ethylene-propylene-diene-monomer (PP/EPDM)
composites, aided by machine learning (ML) predictions. Maleated polypropylene (MAPP) (2
wt%) was added to all composites to increase the interfacial adhesion between the matrix and
each lignocellulosic ingredient. Section 3.2 describes the experimental procedure, and Section

3.3 explains the ML prediction of the composites.

33 Experimental Procedure
3.3.1 Materials

In this paper, we used PP/EPDM, MAPP and latania fibers from Ref. [2]. Before and
after being chopped, latania fibers are shown in Figures 3.1 [2]. Cloisite 20A nano-clay powders
were used (d-Spacing (001) of 31.5 A°). SEM images were used to assess the morphological
structure of pistachio shells and date seeds, respectively. Figures 3.1c and 1d depict the pistachio

shell and date seed cross-sections, respectively. The morphological structure appears relatively
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constant through the cross-sections based upon SEM imaging (Figures 3.1¢ and 3.1d). PSPs and
the DSPs were produced by grinding pistachio shells and date seeds and using sieve standards to
obtain the powders within the range of 5-105 um. SEM pictures of typical ground PSPs and

DSPs are shown (Figures 3.1¢ and 1f).
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Figure 3.1  (a) Latania fibers before being chopped; (b) Latania fibers after being chopped; (c)
SEM picture of a pistachio shell sliced through the thickness (magnification of
1.1kx); (d) SEM picture of a date seed sliced through the thickness (magnification
of 521x); (e) SEM picture of a typical pistachio shell powder particle
(magnification of 7 kx); (f) SEM picture of a typical date seed powder particle
(magnification of 3.61 kx).
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(87
Figure 3.1 (continued)

3.3.2 Specimen Preparation

Latania fibers were cut into ~10 mm-length short fibers using a guillotine machine
(Wiser A-8992 Altaussee, Germany). These were shortened to ~2 mm-lengths when blended in a

counter-rotating twin screw extruder with PP/EPDM. Batches containing 0, 5, 10, 20 and 30wt%
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of SLF, 0, 1, 3 and 5wt% of NCs, 0, 1, 3 and 5wt% of PSPs, 0, 1, 3 and 5wt% of DSPs were
employed to fabricate various combinations of PP/EPDM composites reinforced with SLFs,
NCs, PSPs and DSPs. Each batch was prepared using a single extrusion of PP/EPDM into which
SLFs, NCs, PSPs and/or DSPs in the appropriate wt% have been added. The extrusions were
carried out at 7=180°C and by a 60 RPM dual (twin) screw extruder (Collins Extrusions Ltd,
Birmingham, UK). To avoid thermal decomposition or burning of the vulnerable lignocellulosic
reinforcements (SLFs, DSPs and PSPs), the extruder strands were pulled into a cool water bath.
Upon cooling to room temperature, pelletization was performed on these blends followed by
drying them out at 80°C for 24 h. Finally, an injection molding machine at 7=165-180°C was

employed to produce heat deflection temperature (HDT) test specimens [2].

3.3.3 Heat Deflection Temperature (HDT)

Each test was performed according to ASTM D-648 (HDT-Tester HV-2000A, GoTech
Co., Taiwan). At least three HDT test repetitions were conducted for each material composition.
An imposed stress (1.82 MPa), a temperature ramp rate (2°C/min), and a maximum deflection
(0.25 mm) were applied during these tests. Forty-nine compositions were manufactured. Some of
the composites’ compositions in each batch and the pertinent HDT values are tabulated in Table
1. A full listing of the input and output values shown partially in Table 1 is given in Appendix

(Table A.1).
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Table 3.1 The representative composition of each composite blend given and the pertinent
experimental HDT values

Input (wt%) Input (wt%)  Input (wt%) Input (wt%) Input (wt%) Output (°C)

PP/EPDM SLF PSP DSP NC HDT
100 0 0 0 0 65.1
97 0 3 0 0 68.9
95 0 5 0 0 69.4
92 5 0 3 0 74.7
90 5 0 5 0 76.3
95 5 0 0 5 77.3
90 10 0 0 0 74
87 10 0 3 0 75.4
80 10 5 0 5 80.5
84 10 3 3 0 79
80 20 0 0 0 79.1
77 20 3 0 0 83.1
75 20 0 5 0 82.3
70 30 0 0 0 79.6
60 30 5 0 5 86
74 30 0 3 3 83.1
74 30 3 3 0 84.9

3.4  Machine Learning-Based Prediction

The K-Nearest Neighbor Regressor (KNNR), an ML approach, was employed to predict
the HDT value given for the composition parameters [27]. This ML approach is different from
those used in our previous study (Decision Tree Regressor (DTR) and Adaptive Boosting
Regressor (ABR) ML approaches) for fracture toughness predictions [1]. K-Fold cross validation
was used as an evaluation technique to better estimate the performance of this approach [28].

Following a brief introduction to these methods, the results of experiments will be discussed.
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34.1 K-Nearest Neighbor Regression

K-Nearest Neighbor (KNN) is an algorithm first proposed by Fix et al. in 1951 [29].
Since then, KNN’s variations have been applied to text classification, facial recognition and
many other problems [30]. KNN makes a prediction about an unknown point according to the K
number of data points that are closest to that point. The prediction can be a data point
classification of an unknown class, or it can be a regression of an unknown value, associated
with that data point [27].

Given a data set of n covariates, X = x, x2, ..., X», and their corresponding response
values, Y=y, v, ..., yu, we intend to predict the response value of a given covariate x, where x is
not present in our data set X. The steps employed by the KNNR algorithm can be summarized as
follows:

1. Calculate the distances d; of each data point x; from x by using the Euclidean distance:

d;(x;, x) =\/(x1—x)2+(x2—x)2+---+(xn—x)2 (3.1)

2. Sort the distances d; in an increasing order and among all the points in the data set. Then,
choose the k points that are closest to x and put them in a set of nearest neighbors, C.
3. The estimated value of the response value of § (here is HDT value) is calculated by

averaging the response values of data points in set C.

y=v 2,V (3.2)
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In Step 3 of this algorithm, the inverse of distances and Gaussian distribution are used as
weights for calculating the mean value. In such a case, the closer points are assumed to be more
influential on the estimated response value (). Nonetheless, the uniform distribution of weights

1S more common.

3.4.2 K-Fold Cross Validation

To assess the capability of a model in generalization, the data set is randomly split into K
segments of the same size. As depicted in Fig. 3.2 across K iterations, the training is performed
using K- 1 segments of the data set and the testing is performed on the remaining segment of the
data. This approach is particularly useful in situations where a limited set of data is available as
in the case of our study. Following the K-Fold cross validation approach, an estimation of the
model performance is used to predict the outcomes of a given data set that has not been available

during the model training.

Iteration #2

Test

Iteration #K Test

Figure 3.2  The visualization of split segments in each of the K iterations.
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Figure 3.3  Correlation of the features (PP/EPDM, SLF, PSP, DSP and NC) and HDT
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Table 3.2 Comparison of performance evaluations using two KNNR methods: UD and ID

I?lf)lghbors UD R ID R? | UD MAE | ID MAE | UD RMSE |ID RMSE gf)—RMSE/ AV I('i/;)RMSE/ AV
2 0.882 0.892 | 1.348 1.372 1.815 1.722 2311 2.194
3 0.900 0.898 | 1.400 1.240 1.7355 1.583 2.209 2.017
4 0.892 0.859 | 1.283 1.461 1.704 1.884 2.170 2.400
5 0.843 0.884 | 1.403 1.360 1.691 1.685 2.153 2.146
6 0.867 0.857 | 1.513 1.463 2.002 1.813 2.550 2.310

UD: Uniform distribution of weights
ID: Inverse of distances of weights.
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3.4.3 Performance Evaluation Metrics

To evaluate the performance of this ML approach, three evaluation metrics are
considered. The following are the three commonly reported metrics of regression models:
Mean Absolute Error (MAE): calculated by Equation (3.3) from the m predicted

samples:

m
1
MAE = — Z|§i - (3.3)
m i=1

where ¥; is the predicted value, and y; is the actual value of i-¢h sample in the test set.

Root Mean Squared Error (RMSE): calculated by equation (3.4):

1 2

RMSE = (3,-v,) (3.4)

m

where the parameters are the same as in the MAE. However, the RMSE is more sensitive
to large errors. In other words, if the errors of the predictions have higher variance, then RMSE
would report a greater value compared to a more uniformly distributed error.

R-Squared: R’ is defined as below:

(3.5)
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where y,, 1s the mean of the actual response values (y;). More accurate predictions
result in a value of R’ closer to 1. Table 3.2 shows a comparison of performance evaluations
using two KNNR methods: Uniform distribution of weights (UD) and Inverse of distances of
weights (ID) indicating the acceptable accuracy of the ML-based-predictive model used in this
study. Comparing R’, MAE, RMSE, RMSE/AV for each K in Table 3.2 suggests that choosing

K=3 offers the best model for HDT predictions.

3.5 Results and Discussion
3.5.1 Measurement of Heat Deflection Temperature (HDT)

The ASTM D648 method was used for HDT testing in this work. HDT is measured as a
temperature at which the specimen is deflected under a specific flexural load indicating short-
term stiffness [31] of the materials at elevated temperatures. Matrix glass transition temperatures,
matrix hardness, and the stiffness are factors that can seriously affect the HDT amplitudes [32].
More than 30% of all polymeric components in the world are produced through injection
molding [33]. The temperature of the injection mold is often about 200°C or higher during the
production, and the temperature of the mold at the time of removal should be below the HDT.
Obviously, increasing the HDT has a significant effect on reducing the production time per
component and the cost of mass production.

Fig. 3.3 shows the correlation of data and the role of each constituent on the HDTs. The
meaningful associations in this figure are those of HDT (as an output) with PP/EDPM, SLF,
PSP, DSP and NC (each as an input). Positive or negative values show the direct or reverse
associations between the output and each input. Fig. 3.4 shows the actual and predicted data
using the ML method (Neighbor number K=3). Full representation of Fig. 3.4 (K=2 to 6) is

shown in Fig. A.3.1 (see Appendix). As can be seen in Fig. 3.3, the correlation of HDT value and
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SLF wt% value is 0.88. Thus, SLF has the highest effect on HDTs compared to the wt% values
of PSP, DSP and NC. Improvement in the composite flexural stiffness is likely the main reason
behind an increase in HDTs. Similar enhancements in HDT upon the fiber addition have been
reported by other researchers [2, 32, 34]. Furthermore, Daghigh et al. [2] showed that there is a
correlation between tensile/flexural stiffness and HDT values upon SLF additions to PP/EPDM
composites. The correlation between HDT and PSP is 0.28 indicating PSP’s second rank of the
reinforcement to produce HDT improvement. A number of studies have been conducted to show
the effect of micro and nano fillers on the stiffness of composites. A rigid phase addition into a
polymer matrix can enhance the composite stiffness [4, 18, 35-38]. Shuhadah and Supri [39]
reported that adding egg shell powers (an average particle size of 63 pm) into polymer matrix
composites raised the stiffness.

By and large, adding NCs to composites can enhance stability and permeability
properties compared with the bulk polymer [3, 40-42]. If hybrid composites can exert a synergy
between bio-based natural fibers in a nano-reinforced polymer, this may provide improved
properties with environmental advantages [3]. The current study shows that NCs addition into
PP/EPDM composites has a significant effect on the HDT enhancement (The correlation is 0.23;
see Fig. 3.3). The NCs have high surface areas which can restrict polymer segmental motion at
their solid surfaces, effectively reducing flow in these surface regions and raising HDTs.

A high-quality specific surface offered by nanoparticles requires a good interaction
between nanoparticles and the polymer matrix. NC polymer composites can be defined into three
general types of NC/polymer interactions which vary with the degree of exfoliation achieved: (a)
typical composites, in which the NC performs as a conventional small-sized filler; (b)

intercalated nanocomposites, where some portion of polymer enters into the gallery spacing
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between the clay layers; and (¢) exfoliated nanocomposites, where the bulk polymer surrounds
highly exfoliated clay platelets [43]. In fact, the well-ordered parallel platelets of NC particles
need to be separated to get a high-quality interaction. Increasing the d-spacing between the NC
platelets facilitates the required interaction between the clay and the polymer chains [44-46].

There is an interesting difference between the effect of PSP and DSP on the HDT values.
PSP exerts a stronger HDT enhancement than DSP. It is likely due to the difference between the
hardness of PSP and DSP. PSP is harder than DSP. In addition, a slower value of change with
temperature in PSP hardness versus DSP hardness may be another reason behind higher
effectiveness of PSP than DSP on HDT. Bledzki et al. [32] reported that long cellulose fiber-
reinforced polyoxymethylene (POM) composites enjoyed a higher HDT than abaca fiber-
reinforced POM composites, due to slower change in the cellulose fibers hardness versus abaca
fibers. In addition, stronger bonding between PSP and the matrix versus bonding between DSP
and the matrix may be another reason behind greater HDT enhancement properties of PSP versus
DSP.

The inclusion sizes are large (SLF length ~2 mm, DSP diameter ~70 um, PSP diameter
~5-105 um) relative to the ASTM test thickness dimension of 6.3 mm. Thus, having a
representative composite composition throughout the thickness, with a suitable number of all
inclusions and their orientations independent of the thickness, is unlikely to be possible during
HDT testing. Far thicker specimens are required to assure this. For example, if the HDT test
were conducted on specimens that were 10x or 100x the ASTM standard thickness and size, and
with representative length and width, at some point the specimens would be of their material
composite representative. Subsequently, the ML method might end up with different predicted
results. Nevertheless, the ASTM test and specimen size are standard for the field and used for

53



these inclusion sizes. For instance, Essabir et al. [25] used three different particle size ranges,
while the mechanical and thermal specimen sizes were the same for all particle size ranges. This
article is among the few articles which investigated the effect of particle size. However, the
specimen size is standard (ISO 527-1) and the same for all samples. Therefore, to the best of the
authors’ knowledge, no literature discusses relating particle size to the needed specimen size
with a representative material in the smallest (usually thickness) dimension.

This study suggests PSPs and DSPs could be promising low-cost reinforcements for
composites while consuming agricultural wastes. These particles are compatible with PP/EPDM
and probably a myriad of other matrix systems. If the possible negative impacts of these sized
particles on high and low cycle fatigue, creep, and impact strength of composites can be tolerated

in selected end uses, their very low cost could warrant their use.

3.6 Conclusions and Recommendations

An approach based on machine learning (ML) predictions was used for predicting the
thermal behavior of a new set of hybrid composites containing short latania fibers (SLFs), nano-
clays (NCs), date seed powders (DSPs) and pistachio shell powders (PSPs) reinforcements.
Various weight fractions of PP/EPDM matrix polymer, SLFs, NCs, PSPs, and DSPs were
blended using a counter rotating twin-screw extruder. All combinations contained 2 wt% of
MAPP to enhance the interfacial properties. The heat deflection temperatures (HDTs) of these
composites depended in a complicated manner on properties and relative sizes of each ingredient
(SLF, NC, DSP and PSP) and their interactions. About 50 different composites with various
constituent combinations were fabricated and their HDTs were determined. This data was used to

establish an ML-based prediction model using the K-Nearest Neighbor Regressor (KNNR)
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method. A cross validation was successfully conducted to show the accuracy of the ML-based-
predictive model. SLFs, PDPs and NCs were found to be the most influencing factors,
respectively, at enhancing the HDT. The DSPs showed the smallest effect on HDT values likely
due to its less hardness and weaker interfacial adhesion with the matrix. Hence, they promoted
less increase in stiffness. This research is an illustration of how machine learning can be
employed routinely to facilitate the improved properties and costs when substituting bio-derived
components into materials. This research will continue to investigate other thermal properties
such as dynamic mechanical analysis (DMA) and thermogravimetric analysis (TGA). The roles
of SLF, NC, PSP and DSP in the thermal property enhancement (HDT, DMA and TGA) will be
compared and discussed to get an in-depth understanding of thermal behaviors of this set of bio-

nano-composites.
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CHAPTER IV

FRACTURE TOUGHNESS MACHINE LEARNING PREDICTIONS ON SHORT FIBER,

NANO- AND MICRO-PARTICLE REINFORCED COMPOSITES

4.1 Abstract

Tailorability is an important advantage of composites. Incorporating new bio-reinforcements into
composites can contribute to using agricultural wastes and creating tougher and more reliable
materials. Nevertheless, the huge number of possible natural material combinations works
against finding optimal composite designs. Here, machine learning (ML) was employed to
effectively predict fracture toughness properties of multiscale bio-nano-composites. Charpy
impact tests were conducted on composites with various combinations of two new bio fillers,
pistachio shell powders and fractal date seed particles, as well as nano-clays (NCs) and short
latania fibers, all which reinforce a poly(propylene)/ethylene-propylene-diene-monomer matrix.
The measured energy absorptions obtained were used to calculate strain energy release rates as a
fracture toughness parameter using linear elastic fracture mechanics and finite element analysis
(FEA) approaches. Despite the limited number of training data obtained from these impact tests
and FEA, the ML results were accurate for prediction and optimal design. This study applied the
Decision Tree Regressor and Adaptive Boosting Regressor ML methods in contrast to the K-
Nearest Neighbor Regressor ML approach used in our previous study for heat deflection
temperature predictions [1]. Scanning electron microscopy, optical microscopy and transmission

electron microscopy were used to study the NC dispersion and impact fracture morphology.
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4.2 Introduction

Poly(propylene) (PP) is a widely used thermoplastic matrix in natural composite
materials. PP has been utilized in packaging, automotive, textile, and non-structural applications
[2]. Nevertheless, its relatively low impact strength, particularly at lower temperatures, has
motivated addition of various elastomeric modifiers to reinforce and toughen PP [3-4]. The
ethylene—propylene—diene terpolymer (EPDM) is a widely used modifier [2, 5-10] which
significantly improves PP’s impact behavior [11-12].

The natural fibers basalt [13-17], hemp, kenaf and flax [18-21], jute [22-23], sisal [24],
coir [24-25], curaua [26], coconut [27], pineapple leaf [28], efc. have been used to reinforce
polymer matrix composites, but latania natural fiber-reinforced composites have only been
reported rarely [29]. In addition to using natural fibers, nano-particles or micro-fillers are often
added to reinforce composites [30]. Micro- and nano-powder fillers are mostly used to enhance
hardness, elastic moduli, impact, wear and thermal resistance, while reducing cost and
mechanical shrinkage [14]. For example, micron-sized rigid glassy spheres, elastic rubber
particles, rigid nano-sized CaCOs [31], Al2O3 [32], Si02, [33] and T1O> [34] powders, carbon

nano-tubes (CNTs) [35-37] and nano-clay (NC) platelets [38] have been used as reinforcements.

4.2.1 Effects of Particle Stiffness

Adding micro soft/elastic fillers increases polymer composite impact toughness, but
reduces the modulus of elasticity [39]. On the other hand, increasing the amount of micro or
nano (one dimension must be 100 nm or less [40]) hard/rigid fillers enhances both impact
toughness and modulus of elasticity [39, 41]. As an example, adding rigid 0.6 pm CaCOs3
particles (0.2vol%) into high density polyethylene (HDPE) leads to a two-fold increase in the

impact strength [31]; Al2O3 nano-particle (13 nm diameter) addition (1-2vol.%) into epoxy resin
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enhances stiffness, impact energy and failure strain [32]. Adding 2.5, 5.5 and 8.5wt% of micro-
glass powder spheres (53-62 um diameters) to basalt fiber polymer composites increases
Young’s modulus, flexural stiffness and strength, creep stiffness and energy absorption
capability particularly at elevated temperatures [14, 42-43].

Using core shell rubber (CSR) nano-particles (500 nm diameter) with a soft rubber core
and a glassy shell increased an epoxy vinyl ester resin’s fracture toughness considerably more
than the same weight fraction of montmorillonite (MMT) NC particles [44]. However, when NC
platelets were aligned along the fiber axis to reinforce glass fiber-reinforced composites, the

interlaminar fracture toughness dropped compared to the composite without the NC [45].

4.2.2 Effects of Particle Size

Micro- versus nano-scale sized fillers may affect mechanical properties of composites
differently. TiO; particle (32 nm diameter)/epoxy nano-composites showed higher tensile failure
strains versus those with micron-size TiO> (0.24 um) [46]. Micro- and nano-silica fillers affected
the mechanical properties of rigid and flexible polyurethane foams differently [47]. Nano-silica
filler additions increased the compressive strength of flexible polyurethane foams, while the
rebound resilience decreased [47]. In contrast, micro-filler addition to flexible foams reduced
compressive strength and hardness, suggesting greater energy dissipation in nano-silica-filled
foams [47]. Glass beads and spherical alumina (Al>2O3, aluminum dioxide) particles in sizes from
the macro- (0.5 mm) to the nano- (15 nm) scales were used to reinforce vinyl ester resin. Tensile
tests showed that the interfacial fracture toughness depended on the particle size where nano
sizes gave greater interfacial fracture toughness [48]. The sliding mode fracture occurring in
these samples significantly enhanced the interfacial fracture toughness of polymer composites

which incorporated nano-size particles [48].
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It is important to know more about the simultaneous effects of combining both natural
fibers with nano- and macro-powders in composites, but few such studies exist. Farsani et al.
[13] added NC powders to short basalt fiber (SBF)-reinforced PP to investigate SBF-PP nano-
composites under tensile loads. Young’s modulus and yield strength were improved by NC
addition. Ashik et al. [49] added nano-silicon dioxide (0, 5 and 10wt%) to jute fiber/epoxy
composites. Young’s modulus, ultimate tensile strength, peak load, and ultimate number of
fatigue cycles were higher after 5wt% nano-silicon dioxide addition. Patnaik et al. [50] reported
an industrial flyash (80-100 um diameter) that provided superior flexural strength enhancements
compared to those of alumina and SiC particles in glass reinforced polyesters.

The mechanical effects of adding both nano- and macro-scale powders to a polymer
matrix reinforced with short natural fibers have not been reported in the literature [1]. Therefore,
in this research, NC and the new bio micro-scale powders (pistachio shell powder (PSP) and date
seed powder (DSP)) were added simultaneously to short latania natural fiber (SLF)-reinforced
PP/EPDM. The cost of making nano-sized or small micro-sized (diameter less than 50 um) PSPs,
DSPs, or mineral powders by top-down grinding or other size-reduction methods is much
higher than making large amounts of macro-sized particles (diameters > 50 um). Extensive
energy is expended exposing large new surface areas as particle dimensions are reduced. Thus, if
macro-sized particles can improve a target property while other properties remain useable and

costs are lowered, this is worthwhile investigating.

4.3 Experimental Procedure
4.3.1 Materials

PP/EPDM, MAPP and latania fibers were the same as those used previously  [1, 51].

Cloisite 20A nano-clay (NC) powders were used as received (d-Spacing of 31.5 A°). The
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pillaring agent originally used to induce the large d-spacing in the Closite 20 is the mixture of
dimethyl(ditallow) quaternary ammonium salts synthesized from tallow-based fats. These salts
had been intercalated into the clay and these positive counter-ions replaced the interlayer Na",
K, etc. cations originating in the clay. These changes are counter-balanced by the negative
charges in the aluminosilicate layers. Therefore, the (+) charged pillaring agents are now
intercalated between the clay layers and have pushed them apart prior to the NC incorporation
into the composite by twin-screw extrusion. The morphological structures of pistachio shells
(PSs) and date seeds (DSs) were observed through SEM images taken from PS and DS cross
sections (Figures 1a and 1b). PSPs and DSPs within the range of 5-105 pm were obtained by
grinding PSs and DSs and passing the powders through standard sieves. SEM pictures of typical

ground PSP and DSP are shown (Figs. 4.1c and 1d).
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Figure 4.1  (a) SEM picture of a pistachio shell sliced through the thickness (magnification of
1.86 kx); (b) SEM picture of a date seed sliced through the thickness
(magnification of 400 x); (¢) SEM picture of a typical pistachio shell powder

particle; (d) SEM picture of a typical date seed powder particle (magnification of
1.6 kx).
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4.3.2 Specimen Preparation

The entire specimen preparation process was exactly the same as those in Refs. [1, 51].
SLFs (0, 5, 10, 20, and 30 wt%), NCs (0, 3, and 5 wt%), PSPs (0, 3, and 5 wt%), and DSPs (0, 3,
and 5 wt%) were incorporated into ~ 50 different batches to fabricate ~ ~ 50 combinations of
PP/EPDM composites reinforced with SLFs, NCs, PSPs and/or DSPs. All batches contained
2 wt% MAPP [51]. Finally, Charpy impact test specimens were produced using an injection
molding machine at 165-180°C [51] having the nominal ASTM standard dimensions: length,

63.7 mm; width, 12.7 mm; thickness, 7.1 mm; depth of notch, 3.8 mm; notch angle, 45° [29, 51].

4.3.3 Mechanical Testing Procedure and Equipment

ASTM D-256 Charpy impact tests were carried out on the composites. The Charpy
impact testing machine was employed for dynamic three-point flexural tests on beams with or
without a notch [3, 16, 29]. Three to five replications were performed on each material
composition. After testing, the failure surfaces of specimens were examined by a high
magnification optical microscope, and a SEM/EDX (40 FE-SEM Zeiss Supra 40, USA) to see
the fracture morphology and the reinforcement(s)/matrix interfaces. Select specimens containing
NC were studied using a TEM (JEOL 2100 TEM, USA) to examine the NC distribution and
exfoliation. Gold coatings were used for clarity enhancement for SEM. SEM/EDX and TEM
investigations were performed without gold coating to avoid the change in the surface chemical

compositions.

434 G. Determination

The critical strain energy release rate (G.) was calculated for every Charpy impact test

specimen using linear elastic fracture mechanics (LEFM) [29, 51-52]. The total impact energy
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absorbed (U.) was measured during each test. The specimens were quasi-brittle with no large-
scale viscoelasticity. The use of notched specimens intensified the sharp crack formation and
subsequent brittle fracture, minimizing the plastic zone formation ahead of crack tip [51].
Therefore, LEFM is eligible for determining the toughness parameters. The critical strain energy
release rate (fracture toughness) (G.) during Charpy impact testing may be expressed as [29, 51-

52]:

F20C

- 4.1
¢ 2Bada 1)

where F is the anvil force exerted on the specimen middle, a is the crack length, C is the material
compliance and B is the specimen thickness. The fracture toughness may also be expressed as

[29, 51-52]:

G, = (5.2)

where U, is the (measured) energy absorbed at fracture, 8 is a geometrical parameter that
depends on the specimen geometry, and D is the specimen width. The specimen geometries
were: thickness B = 7.1 mm, and width F = 12.7 mm; the support span was 40 mm. A value of 0
= 0.369 was calculated using the finite element method and was selected here considering the
data summarized in [52] for the notched Charpy impact specimens [29, 51-52]. The measured
energies absorbed at fracture (U,) obtained from the experiments were converted to fracture

toughness (G.) values based on Egs. 1 and 2. These are partly tabulated in Table 1. A full table
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of these values is available in Table A.1 (Appendix). “Input (wt%)” is component wt% of each

composite.

Table 4.1 The representative composition of each composite blend and the pertinent
experimental fracture toughness (G.) values

Input (wt%) Input (wt%) Input (wt%) Input (Wwt%) Input (Wt%) Output (KJ/m?)

PP/EPDM SLF PSP DSP NC Fracture Toughness
100 0 0 0 0 454
97 0 3 0 0 52
95 0 5 0 0 57.1
92 5 3 0 0 64.8
90 5 0 5 0 773
95 5 0 0 5 74.8
90 10 0 0 0 67.3
82 10 0 5 3 102.8
80 10 0 5 5 114.3
80 20 0 0 0 107.9
77 20 0 0 3 125.2
75 20 0 0 5 137.5
70 30 0 0 0 136.7
62 30 0 5 3 177.7
74 30 3 0 3 170.3

4.4  Machine Learning Prediction

Our earlier paper [1] investigated heat deflection temperatures of the same class of
composites using the K-Nearest Neighbor Regressor (KNNR) [53] machine learning (ML)
method. In the current paper, the G. values were obtained from the experiments and FEA. Then,
two ML regression methods were used to predict the fracture toughness values of the
composites: a) The Decision Tree Regressor (DTR) [54] and b) Adaptive Boosting Regressor

(ABR) [55]. The performances of these two ML methods were evaluated by performing K-Fold
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cross validation. We benchmarked several algorithms; DTR and ABR gave us the best results.

Therefore, a brief description is given below of these algorithms and the performance metrics.

44.1 Decision Tree Regressor (DTR)

DTR is a ML method proposed by Breiman et al. [54]. This algorithm iteratively creates
a tree that divides data points based on the feature that caused the highest disparity in the output
(Here is fracture toughness). In this article, DTR from the Scikit Learn library [56] was

implemented for the regression purpose.

4.4.2 Adaptive Boosting Regression (ABR)

ABR is the process of training several weak learners sequentially in order to create a
single strong predictor from them [55]. In each iteration, a weak learner is added to the set of
learners and it is trained on the part of data that the previous learner had performed poorly when
using. In this way, a group of models are trained. This group of models decide if an input
belongs to class +1 or -1. The collection of weak learners constitutes a single strong learner. In

this article, a group of DTRs has been used as the internal learners of the ABR [55].

4.4.3 K-Fold Cross Validation

Given a data set of m data points, these m points were randomly broken into K segments
and then, in K iterations, the model was trained on all segments except one. This way, a less
optimistic estimation of the model’s ability in prediction of unseen samples was obtained [57].

This concept is illustrated by Fig. 4.2.
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Run #l1 Test Training

Run#2 Training Test Training
Run #3 Training Test Training
Run #K Training Test

Figure 4.2  Split segment visualization in each K run

4.4.4 Performance Metrics

The performance of the predictions was evaluated using four different metrics which are
commonly used for evaluation of regression models.
Mean Absolute Error (MAE): Given a data set of m input points {Xi,X2,...,Xm}, their true
outputs { y1,y2,...,ym} and the corresponding predictions of the outputs by the model: {y1,9>, ...,
Pm},

MAE is calculated by Eq. (4.3):
1 m
MAE = — V. — Vi 4.3
— .Elllyl vill (4.3)
l:

Root Mean Squared Error (RMSE): The square root of the average of the error squared. The

m, Vi, and y; hold the same values as in Eq. (4.4).
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m
1
RMSE = |— (9~ y,)? (4.4)
i=1

R-Squared: A measure of comparing the variance of the true value of the data with the errors of
predictions. The smaller the variance, the better the results. The model is more accurate if the R?

is closer to 1.

_ im1 (i = 9)?
i1 (i = ¥1)?

R2=1 (4.5)

4.5 Results and Discussion

ASTM D-256 Charpy impact tests were conducted on composites containing varying
amounts of SLFs, NCs, PSPs, and DSPs to investigate the effect of these ingredients on fracture
toughness and fracture morphology of the composites. Figure 3 summarizes the correlation of
data and role of each constituent (PP/EPDM, SLF, NC, PSP, and DSP) on the fracture toughness.
The meaningful associations in this figure are those of fracture toughness (as an output) with
PP/EPDM, SLF, NC, PSP, and DSP (each as an input). Positive or negative values indicate the
direct or reverse associations between the output and each input. The SLF wt% correlation with
the fracture toughness value is 0.97. Thus, the amount of SLF is the most effective factor for
increasing fracture toughness. This can be compared to the wt% correlation values for PSP
(0.11), DSP (0.16) and NC (0.26). In total, this reflects the importance of stiffness enhancement

upon SLF addition to the composites. Several reports have suggested stiffness enhancement and
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impact improvement associated with short fibers addition to the composites [51, 58-59]. This
improvement is based on crack deflection, and physical anchoring creation [51, 60].

Other factors improving fracture toughness are the NC, DSP and PSP weight percentages
with the fracture toughness correlations of 0.26, 0.16, 0.11, respectively (Fig. 4.3). The greater
effect of NC on fracture toughness compared with those of DSP and PSP is attributed to the
greater surface area of NC compared with those of DSP and PSP. The thicknesses of NC are in
the range of 7-40 nm after twin screw extrusion blending of the composites (See section 5.
“Optical microscope, and SEM/TEM images and fracture morphology” as well as the Appendix
(Fig. 4.A.1). The purchased Closite 20 nano-platelets were readily sheared into successively
thinner platelets with fewer stacked individual clay layers (exfoliated clay) during the twin-screw
manufacturing process. The high shear generates the resulting exfoliated/intercalated nano-clay
composites. Many similar results exist for adding NC to polymers [61-62].

The impact behavior of fiber and particle composites is governed by the fabrication
method, fiber/matrix interface strength, constituent physical and mechanical properties, specimen
geometry and the test conditions [13, 16, 29]. Generally, fillers have two concurrent roles in
composites. The first is acting as a hole/defect provider causing stress concentration points,
which leads to a pre-damaged material. The second is serving as a physical barrier against crack
propagations [14]. Both PSP and DSP have mildly improved the fracture toughness (Fig. 4.3)
within the composition range probed. This suggests that the positive (second) role outweighs the
negative (first) role when incorporating DSP and PSP in the polymer matrix. The role of these
particles is indeed similar to the aggregates in reinforced concretes, where the fillers behave as

frictional materials and the matrix as an adhesive [14].
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Correlations of DSP and PSP wt% values with the fracture toughness values are 0.16 and
0.11, respectively (Fig. 3). This noticeable difference is likely due to lower rigidity of DSP
versus PSP. Several publications have confirmed that particles with a lower modulus of
elasticity, when present in composites, resulted in greater composite toughness [63-64].

The SLF, DSP and PSP inclusions are large (SLF lengths ~ 2mm, SLF diameters ~70
um), DSP (diameters 5-105 um), PSP (diameters 5-105 um), and the ASTM test thicknesses are
small (7.1 mm). Therefore, the specimens’ through-thickness dimensions will not contain a
representative specimen composition (independent of change in thickness versus inclusion sizes
and number of inclusions present), when testing is performed. This was emphasized and
discussed in our previous publication on ML predictions of the heat deflection temperatures of
this same composite series [1]. If Charpy impact tests were conducted on specimens that were
10x or 100x the ASTM thickness and size, with all lengths and widths kept in the same ratio, at
some point the specimens would then always contain a representative material across the
composite thickness. Subsequently, the ML method might end up with different predicted
results. However, ASTM Charpy Impact tests are the standard throughout the composite
industry. Hence, optimizing processes based on ASTM procedures is standard practice.

Use of PSPs and DSPs in this composite series had beneficial effect on heat deflection
temperature [1]. This is now shown for fracture toughness. Furthermore, DSPs and PSPs are
made from low cost agricultural wastes. Nevertheless, probable deleterious effects may occur on
properties like high and low cycle fatigue, creep, and vibrating and dynamic strength. As long as
these negatives can be tolerated in the anticipated end uses, the application of these low-cost

fillers is justified.
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Figure 4.3  Correlation of the features (PP/EPDM, SLF, PSP, DSP and NC) and fracture
toughness

Figure 4.4 shows the actual results and the ML predictions using AdaBoost and
Regression Tree. The performance evaluation of Adaboost and Regression Tree are, for
simplicity, only partly tabulated in Table 4.2. Adaptive boosting was used as a predictor with a
number range of estimators from 2 to 50. To show the overall performance trend with respect to
the estimator numbers, a few graphs are provided in Fig. 4.4 and many others are given in the
Appendix (Fig. 4.A.1). The more estimators that are used, the greater the ability of the model
becomes in regression. Nevertheless, the chance of overfitting increases with a larger number of
estimators. Therefore, over 50 estimator numbers are not considered for the estimator population
size. The optimum number of estimators in this case study is 10 (depth 4) (Fig.4 and Table 4.2).
Table 4.2 shows only a partial summary of the performance evaluations. The complete

performance evaluation values from ML are presented in the Appendix (Table 4.A.2).

75



Table 4.2 Performance evaluations using AdaBoost and Regression Tree

No. depth estimators regtree R>  adaboost R*? regtree MAE  adaboost MAE

0 2 5 0.909 0.912 10.176 10.029
1 3 5 0.834 0.833 11.611 11.438
2 4 5 0.939 0.953 8.447 7.334
3 2 10 0.879 0.896 10.390 9.264
4 3 10 0.938 0.947 8.278 7.725
5 4 10 0.950 0.943 7.119 7.979
6 4 15 0.930 0.930 8.286 8.340
7 4 20 0.929 0.938 8.315 7.805

regtree_R?: R? in the Regression Tree method;  adaboost R R? in the Adaboost method
regtree. MAE: MAE in the Regression Tree method; adaboost MAE: MAE in the Adaboost
method
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Figure 4.4 (continued)

4.6 Optical Microscope, and SEM/TEM Images and Fracture Morphology

Impacted specimens were inspected to investigate fracture morphology using optical
microscopy (OM) and SEM. The damage progression is governed by complex interactions
between constituents, the fiber volume fraction, fiber/matrix interfacial properties and adhesion,
stochastic variations in fiber strengths, filler particle sizes, filler interfacial bonding as well as
matrix strengths [41]. Figures 4.5a and b show the 20wt%SLF/3%DSP/PP/EPDM composite
where fiber fracture and fiber/matrix debonding are the main failure mechanisms. Figures 4.5¢
and d depict the fracture surfaces of the Swt%DSP/PP/EPDM and 5wt%PSP/PP/EPDM
composites, respectively. DSPs and PSPs in the matrix can act as microcrack propagation
obstacles and increase the fracture surface area, leading to increases the ductility and energy

absorption capability. Enhancing the pistachio-to-matrix adhesion will benefit these effects. In
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general, these composite matrix fracture surfaces had rougher surfaces and more crack deflection
phenomenon compared with matrices without (or with less) SLF, NC, PSP, and DSP [51, 65],

indicating more ductility is afforded by adding SLF, NC, PSP, and DSP.

DSP SLF fiber/matrix debonding SLF

a. Fiber fracture and rough matrix fracture surface b. Fiber/matrix debonding

LM :‘_ £
'\ .100.00pm : 50.00pum)|
Matrix (PP/EPDM) DSP PSP Matrix (PP/EPDM)
¢. Date seed powder (DSP) on the d. Pistachio shell powder (PSP) on
the composite fracture surface the composite fracture surface

Figure 4.5  Optical microscope images of (a and b) (a and b) the
20wt%SLF/3wt%DSP/PP/EPDM Composite with 2wt% MAPP; (¢) the
5wt%DSP/PP/EPDM composite with 2wt% MAPP and (d) the
S5wt%PSP/PP/EPDM composite with 2wt% MAPP
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MAPP’s maleic anhydride function covalently bonds to form ester groups at the
hydroxyls on SLF, PSP and DSP surfaces while MAPP’s PP chains move into the PP/EPDM
matrix. This enhances inclusion-to-matrix adhesion and compatibility. Figure 4.6 depicts this
improved adhesion as particles pull away and are detached. The matrix has been deformed into a
very rough surface until the MAPP chains, bound to PSP, untangle from the matrix. This leads to

higher energy dissipation during PSP/matrix debonding.

still untorn adhesion

) 4 . :
still untorn adhesion torn adhesion
Figure 4.6  Partially debonded pistachio shell powder (PSP) on the fracture surface of

3wt%PSP/PP/EPDM with 2wt% MAPP after a Charpy impact test (magnification,
3.0 kx).

Fiber pull-out and fiber/matrix debonding release considerable frictional energy during Charpy
impact test (Fig. 4.7). As expected, matrix cracking and crazing are ubiquitous failure

mechanisms in these investigated specimens.
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~
SLF pull-out and matrix debonding

Figure 4.7 Fiber pull-out and fiber/matrix debonding during Charpy impact test of
20wt%SLF/3wt%NC/PP/EPDM with 2wt% MAPP (magnification, 150 x).

SEM/EDX and TEM views of NC particles in the exfoliated/intercalated nano-clay composites
(20wt%SLF/3wt%NC/PP/EPDM) are depicted by Figs. 4.8a, b, ¢ and d. NC participates in
improving toughness. Figure 4.8a shows an SEM view of several NC platelet faces. The range of
xy dimensions observed over the composite samples is ~ 300-600 nm. All EDX spectra confirm
these are NC particles by exhibiting their aluminasilicate structure with substantial magnesium
present from their Al, Si, and Mg EDX peaks. Figure 4.8b is a different SEM of the same sample
showing another NC particle and the EDX analysis. The EDX analysis exhibits carbon, calcium,
potassium and iron in various amounts. The carbon is from PP/EDPM matrix material in the
vicinity, iron is a known impunity in the Closite 20a platelets, and calcium and potassium are
likely present between the clay platelets as original interlayer cations which were never replaced
by the pillaring agent. Figure 4.8c illustrates some NC edges where the NC particles are

observed close enough to perpendicular to the micrograph’s surface to measure the platelet
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thicknesses. Figure 4.8d gives a NC edge observed by the TEM. The average NC platelet
thickness shown in Fig. 4.8d is ~ 16 nm. At least 19 NC platelet thicknesses from SEM were
measured and tabulated in Table 3 in the Appendix (Table 4.3.A). The average is 23 nm,
however some platelet stacks that are up to 60 nm thick were observed after examining many

locations by SEM.
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(a)

Figure 4.8  SEM/EDS (a), (b) and (c), TEM (d) observations of Nano-clay particles
20wt%SLF/3wt%NC/PP/EPDM with 2wt% MAPP.
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Figure 4.8 (continued)

4.7 Conclusions

PP/EPM composites containing various amounts of SLF, PSP, DSP, and NC inclusions
and MAPP as a coupling agent were fabricated. The TEM/SEM/EDS results suggested the NC
thicknesses were in the range of 7-40 nm indicating the success of twin-screw extruder method
in NC layers expansions which led to fracture toughness enhancements. The specimens fracture
toughness was determined by Charpy impact testing and FEA. Then, Adaboost and Regression
Tree machine learning (ML) methods were employed to model and predict the fracture
toughness properties of these very complex composite formulations. Cross validation was
performed to successfully validate the accuracy of the ML prediction models. Fracture toughness
values were simultaneously affected by SLF, NC, DSP, and PSP, respectively. Two new bio-
fillers, PSP and DSP, showed promising participation in the composite fracture toughness
improvement. Less rigid DSP contributed to its higher toughness enhancement capability

compared with that of PSP. The matrix cracking, fiber/matrix debonding, fiber pull out, fiber
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fracture, pistachio shell and date seed powder/matrix deboding as well as the microvoid growth
were contributing failure mechanisms. MAPP contributed to the energy absorption increase
during the impact test by improving PSP and DSP/matrix interfacial adhesion. How the multiple
reinforcing components and their widely varying sizes might influence the fracture toughness of
these composites is extremely complex. Thus, ML predictions could provide a way to assist in

the prediction and optimization of fracture toughness by varying compositions.
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CHAPTER V

CONCLUDING REMARKS AND FUTURE WORK

5.1 Concluding Remarks

Natural short latania fiber (SLF)-reinforced poly(propylene)/ethylene-propylene-diene-monomer
(SLF/PP/EPDM) bio-composites reinforced with nano-clays (NCs), pistachio shell powders
(PSPs), and/or date seed particles (DSPs) were characterized by mechanical and thermal tests
using experiments and machine learning (ML) predictions. Three related research topics were
included in this dissertation: (1) an investigation of maleated polypropylene (MAPP) coupling
agent on mechanical and thermal behavior of SLF/PP/EPDM composites, (2) heat deflection
temperature (HDT) of bio-nano-composites using experiments and ML predictions, and (3)
fracture toughness ML predictions of short fiber, nano- and micro-particle reinforced
composites. The first project deals with the MAPP effect on tensile, bending, Charpy impact and
HDT of SLF/PP/EPDM composites with various SLF contents. The second project introduces
two novel bio-powder-additives (DSP and PSP) and assesses the HDT of PP/EPDM composites
using experiments and K-Nearest Neighbor Regressor (KNNR) ML predictions. The composites
are made of various contents of SLF (0, 5, 10, 20, and 30wt%), NCs (0, 1, 3, 5wt%), micro-sized
PSPs (0, 1, 3, 5wt%) and micro-sized DSPs (0, 1, 3, 5wt%). The third project investigated the
fracture toughness of the same composite series used in the second project, using Charpy impact
tests, finite element analysis, and ML approach using Decision Tree Regressor (DTR) and

Adaptive Boosting Regressor (ABR). The tensile/flexural moduli and strengths’ composites were
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improved up to 9% upon 2 wt% MAPP addition compared with the composites with zero MAPP.
Additionally, 2 wt% MAPP addition to composites highly improved energy impact absorption
(up t078%) and HDT (up to 4 C°). SLF, NC, DSP and PSP all could enhance HDT and fracture
toughness values. KNNR ML approach could well predict the composite’s HDT values and,
Decision Tree Regressor (DTR) and Adaptive Boosting Regressor ML algorithms worked well
with fracture toughness predictions. These ML models can be used for further predictions of
HDT and fracture toughness results to find optimized compositions. Pictures taken through
transmission electron microscope, scanning electron microscope and X-Ray proved the NC

dispersion and exfoliation as one of the factors in HDT and fracture toughness improvements.

5.2 Future Work

The composites and ML model developed in this work may be further developed 1) by
considering the effect of fiber and filler geometries, 2) by considering possible optimized
compositions, and 3) by including more mechanical and thermal characterizations. First, the
current ML models do not consider the influence of changes in the fiber and filler geometries.
These changes may lead to a remarkable increase or decrease in the HDT and fracture toughness
results. Second, the current ML modes have capabilities to predict HDT and fracture toughness
results for every possible composition of PP/EPDM, SLF, NC, PSP, and DSP within the range of
available experimental data. Thus, the present ML models can be employed to find the optimized
composition of composites with maximum HDT and fracture toughness results. Lastly,
thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA) tests are being
carried out to get further information on thermal properties of the composites containing
PP/EPDM, SLF, NC, PSP, and DSP. Further thermal properties ML predictions from these bio-

nano-composites will be discussed in a separate manuscript.
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SUPPLEMENTARY MATERIALS FOR CHAPTER 3

94



Table A.1 3.1.A 1 (Full format of Table 3.1). The composition of each composite blend and
the pertinent experimental heat deflection temperature (HDT) values

Input Input Input Input Input Output
PP/EPDM SLF (wt%) PSP (wt%) DSP (wt%) NC (wt%) HDT (°C)
100 0 0 0 0 65.1
97 0 3 0 0 68.9
95 0 5 0 0 69.4
97 0 0 3 0 66.3
95 0 0 5 0 67.9
97 0 0 0 3 67.4
95 0 0 0 5 68.5
95 5 0 0 0 73.2
92 5 3 0 0 76.9
90 5 5 0 0 77.6
92 5 0 3 0 74.7
90 5 0 5 0 76.3
92 5 0 0 3 75.7
95 5 0 0 5 77.3
90 10 0 0 0 74
87 10 0 3 0 75.4
85 10 0 5 0 76.9
87 10 3 0 0 77.7
85 10 5 0 0 79.3
87 10 0 0 3 76.4
85 10 0 0 5 77.7
82 10 5 0 3 79.8
82 10 0 5 3 78.4
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Table A.2  3.1.A 2 (Continuation of Full format of Table 3.1). The composition of each
composite blend and the pertinent experimental HDT values

Input Input Input Input Input Output
PP/EPDM SLF (wt%) PSP (wt%) DSP (wt%) NC (wt%) HDT (°C)
80 10 5 0 5 80.5
80 10 0 5 5 79.3
84 10 3 0 3 79.5
84 10 0 3 3 77.1
84 10 3 3 0 79
80 20 0 0 0 79.1
77 20 3 0 0 83.1
75 20 5 0 0 84
77 20 0 3 0 80.5
75 20 0 5 0 82.3
77 20 0 0 3 81.1
75 20 0 0 5 83
70 30 0 0 0 79.6
67 30 3 0 0 84.7
65 30 5 0 0 86.5
67 30 0 3 0 81.3
65 30 0 5 0 82.5
67 30 0 0 3 83.7
65 30 0 0 5 84.2
62 30 5 0 3 86.1
62 30 0 5 3 84.3
60 30 5 0 5 86
60 30 0 5 5 85.3
74 30 3 0 3 85.6
74 30 0 3 3 83.1
74 30 3 3 0 84.9
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Table B.1 Table 4.1.B_1 (Full format of Table 4.1). The composition of each composite blend and the pertinent experimental
fracture toughness (G.) values

Input (wt%) Input (wt%) Input (wt%) Input (wt%) Input (wt%) Output
PP/EPDM SLF PSP DSP NC Fracture Toughness (KJ/m?)

100 0 0 0 0 45.4
97 0 3 0 0 52
95 0 5 0 0 57.1
97 0 0 3 0 57.3
95 0 0 5 0 66
97 0 0 0 3 54.5
95 0 0 0 5 61.2
95 5 0 0 0 55
92 5 3 0 0 64.8
90 5 5 0 0 70.2
92 5 0 3 0 69.4
90 5 0 5 0 77.3
92 5 0 0 3 67.1
95 5 0 0 5 74.8
90 10 0 0 0 67.3
87 10 0 3 0 80.7
85 10 0 5 0 89.7
87 10 3 0 0 78.6
85 10 5 0 0 83.6
87 10 0 0 3 79.6
85 10 0 0 5 88.4
82 10 5 0 3 96.3
82 10 0 5 3 102.8
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Table B.1 (continued)

Input (wt%) Input (wt%) Input (wt%) Input (wt%) Input (wt%) Output
PP/EPDM SLF PSP DSP NC Fracture Toughness (KJ/m?)
80 10 5 0 5 95.1
80 10 0 5 5 114.3
84 10 3 0 3 87.6
84 10 0 3 3 83.4
84 10 3 3 0 90.9
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Table B.2  Table 4.1.A 2 (Continuation of Full format of Table 4.1). The composition of each composite blend and the pertinent
experimental fracture toughness (Gc) values

Input (wt%) Input (wt%) Input (wt%) Input (wt%) Input (wt%) Output
PP/EPDM SLF PSP DSP NC FT (KJ/m?)
80 20 0 0 0 107.9
77 20 3 0 0 120.8
75 20 5 0 0 130.6
77 20 0 3 0 130
75 20 0 5 0 145.7
77 20 0 0 3 125.2
75 20 0 0 5 137.5
70 30 0 0 0 136.7
67 30 3 0 0 149.6
65 30 5 0 0 161.1
67 30 0 3 0 162.2
65 30 0 5 0 149
67 30 0 0 3 154.5
65 30 0 0 5 167.8
62 30 5 0 3 173.7
62 30 0 5 3 177.7
60 30 5 0 5 179.7
60 30 0 5 5 194.2
74 30 3 0 3 170.5
74 30 0 3 3 172.8
74 30 3 0 3 170.3
74 30 3 3 0 172.8

FT: Fracture Toughness
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Table B.3 Table 4.2.A 1 (Full format of Table 4.2). Performance evaluations using AdaBoost and Regression Tree.

No depth estimators regtree_rmse adaboost rmse regtree_rmse/av adaboost rmse/av
0 2 5 12.3835 12.2295 11.3840 11.2425
1 3 5 15.9964 15.2483 14.7053 14.0176
2 4 5 10.9673 9.2124 10.0821 8.4689
3 2 10 12.8908 11.9351 11.8504 10.9718
4 3 10 10.4743 9.6675 9.6289 8.8872
5 4 10 9.4482 9.9636 8.6856 9.1594
6 2 15 14.4455 11.7106 13.2796 10.7655
7 3 15 9.6444 10.7684 8.8660 9.8993
8 4 15 11.0664 11.2425 10.1733 10.3351
9 2 20 12.4226 11.5621 11.4100 10.6289
10 3 20 10.0951 9.6927 9.2803 8.9104
11 4 20 10.9024 10.4047 10.0224 9.5649

regtree_rmse: RMSE in the Regression Tree method;
adaboost rmse: RMSE in the Adaboost method;
regtree_rmse/av: RMSE average in the Regression Tree method;

adaboost rmse/av: RMSE average in the Adaboost method
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Table B4  Table 4.2.A 2 (Continuation of Full format of Table 4.2). Performance evaluations using AdaBoost and Regression

Tree.

No. depth estimators regtree R? adaboost R® regtree_ mae adaboost mae
0 2 5 0.9092 0.9119 10.1760 10.0289
1 3 5 0.8337 0.8334 11.6114 11.4376
2 4 5 0.9390 0.9533 8.4469 7.3338
3 2 10 0.8788 0.8961 10.3903 9.2639
4 3 10 0.9384 0.9473 8.2781 7.7252
5 4 10 0.9492 0.9435 7.1186 7.9789
6 2 15 0.8536 0.9079 11.8761 9.4281
7 3 15 0.9423 0.9288 7.7148 8.6314
8 4 15 0.9299 0.9299 8.2856 8.3400
9 2 20 0.9084 0.9220 10.1200 9.5113
10 3 20 0.9428 0.9477 8.0560 8.1841
11 4 20 0.9286 0.9378 8.3154 7.8055

regtree_R%: R? in the Regression Tree method;  adaboost R?: R? in the Adaboost method
regtree. MAE: MAE in the Regression Tree method; adaboost MAE: MAE in the Adaboost method
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Figure B.1

Fig. 4.1.A (Full format of Fig. 4.1). Actual and predicted fracture toughness (Gc)
values (horizontal axis represents the number of samples and the vertical axis

represents the Gc values.
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Figure B.1 (continued)
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Maximum Depth: 3, Estimators: 20
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Regression Tree method
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Maximum Depth: 4

Regression Tree method
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MNOME 150KV X4 000 WD 6.6mm Tum

Figure B.2  Fig. 4.2.A. a (magnification of 4 kx).
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MOMI o | 150KV X80000 WD G6.6mm 100nm

Figure B.3  Fig. 4.2.A. b (magnification of 80 kx)

117



NONI SEI 150k X45000 WD 6.6mm 100nm

Figure B4  Fig. 4.2.A. c (magnification of 45 kx).
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Figure B.5 Fig. 4.2.A d (magnification of 45 kx).
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NONI SEI 150KV 20000 WD G6.6mm | pem

|

Figure B.6  Fig. 4.2.A e (magnification of 20 kx).
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Figure B.7  Fig. 4.2.A_f(magnification of 20 kx).
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Table B.5 Table 4.3.A. 19 NC platelet thicknesses measured from SEM.

Point No. Size (nm)
1 25
2 20
3 18
4 30
5 15
6 37
7 12
8 35
9 40
10 15
11 7
12 8
13 27
14 19
15 29
16 21
17 38
18 20
19 26
Average 23.26
Standard deviation 9.89
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