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Abstract

The integration of sustainable and natural waste-derived materials into lightweight metals
presents a promising strategy with both environmental and performance-related bene-
fits. In this study, a biobased magnesium composite reinforced with dried leaf powder
(DLP) derived from fallen waste leaves was synthesized using a controlled powder met-
allurgy method incorporating energy efficient hybrid microwave sintering, followed by
hot extrusion at varying temperatures (350 °C, 250 °C, 150 °C). Microstructural analysis
revealed that the addition of DLP had minimal effect on the overall grain morphology,
while lower extrusion temperatures promoted finer grains due to restricted grain growth.
Mg-5DLP composites consistently exhibited higher porosity than pure Mg, primarily due
to the evaporation of organic constituents during sintering. The damping performance
of the biomass-containing materials was improved (54.5% increase), particularly at lower
extrusion temperatures (250 °C), though mechanical performance showed a trade-off with
reduced hardness and compressive strength. A slight increase in yield strength at lower
extrusion temperatures was attributed to retained dislocation density and grain refinement.
Thermal stability remained largely unaffected, while corrosion behavior was strongly
dependent on both DLP addition and extrusion temperature, with Mg-5DLP samples
corroding faster than pure Mg when extruded at higher temperatures; interestingly, how-
ever, at the lowest extrusion temperature (150 °C), improved corrosion resistance to pure
Mg (1.3 mm/year for Mg-5DLP vs. 2.0 mm/year for pure Mg) was observed. Overall,
this work demonstrates that extrusion temperature is a critical factor in controlling the
microstructure, thermal response, damping response, mechanical behavior and corrosion
of biobased composites. The study not only highlights the potential of using direct biomass
reinforcement of magnesium to synthesize lightweight, ecofriendly materials, but also lays
a strong foundation for future investigations into biobased composite design, processing
optimization, and property tailoring.

Keywords: magnesium; composite; biomass; biobased composites; upcycling; lightweight
materials; processing parameter; powder metallurgy; mechanical properties

1. Introduction

Magnesium (Mg) makes up ~2.7% of the Earth’s crust by weight, making it the sixth
most abundant element. Mg with a density of 1.74 g/cm 3 is ~35% and ~77% lighter
than aluminum and steel, respectively [1]. It has gained widespread interest for both
industrial and biomedical applications due to its high specific strength, good machinability,
excellent damping capacity, and natural abundance. Its elastic modulus (~45 GPa) is closer
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to that of natural bone compared to conventional metallic biomaterials such as titanium
or stainless steel, making Mg a promising candidate for orthopedic and biodegradable
implant applications [2]. In the past decade, the potential for Mg as a biomaterial has
inspired a lot of research, with a noticeable increase in the number of scientific publications
investigating novel magnesium alloys and composites containing biocompatible reinforce-
ments [3]. Mg exhibits superior biocompatibility, shows no indications of local or systemic
toxicity [2,4,5], and is the second most abundant intracellular cation, being essential to the
body’s metabolism [6-8]. Beyond its biomedical uses, Mg is seeing increasing use in the
defense, electronics, sports and transportation sectors (aerospace, automotive, maritime,
space and trains) where reducing weight without compromising performance is crucial [9].

Along with the growing emphasis on lightweight materials for improved energy
efficiency, the recycling and re-use of waste resources such as biomass has also attracted
significant attention. Converted biomass materials, such as leaf powder, have demonstrated
promising potential in diverse applications, including ceramics, catalysts, supercapacitors,
and even microwave-absorbing materials [10-15]. Such developments highlight the ex-
panding scope of recycling, re-use, and upcycling approaches, which play a vital role in
enhancing the sustainability and environmental compatibility of materials produced from
waste [16]. El-Sayed and Mostafa conducted pyrolysis and ultimate analysis of three differ-
ent types of mango leaves and reported that the carbon content comprises approximately
40.01-41.59% of the leaf’s dried weight [17]. Zang and Willison performed impedance
measurements on two leaf species, showing that plant leaves possess very high electrical
resistance and impedance, confirming their insulating nature [18]. Despite this, their fibrous
organic structure and inherent carbon content make them promising starting materials
for developing bio-derived composites. Wang conducted nanoindentation studies involv-
ing eight plant species and reported hardness values ranging from 0.01 GPa to 0.38 GPa
(1.02 Hy to 38.75 Hy), with higher hardness observed in leaves rich in cellulose and lignin,
such as Phyllostachys pubescens [19].

Our literature search did not indicate that development of metal-based composites
containing biomass with naturally locked carbon has taken place. Metal-based composites
traditionally utilize ceramics (e.g., oxides, carbides), which are durable and thermally
stable, as reinforcement [20-25]. On the other hand, using biomass as an organic material
possesses significant challenges in the context of metallurgy: it is not thermally stable at
the temperatures that are typical during metals processing. Ergo, this work attempts to
integrate waste fallen leaves (zero cost and material circularity) into pure magnesium using
an energy-efficient processing approach, with a particular focus on the effect of extrusion
temperature) on the microstructure, thermal, damping, mechanical and electrochemical
responses of pure magnesium.

Accordingly, the present work is intended as an exploratory study to establish fun-
damental processing—microstructure—property relationships in a biobased magnesium
composite; it will do this by leveraging powder metallurgy (PM), which enables the
incorporation of low-density, non-metallic reinforcements while minimizing oxidation,
excessive interfacial reactions, and the thermal degradation of temperature-sensitive rein-
forcements [1].

2. Materials and Methods
2.1. Materials and Synthesis

Fallen waste mango leaves (Mangifera indica) were collected, followed by microwave
drying for 8 min in a 900 W microwave (Sharp R898C(S), Sharp Corporation, Osaka, Japan).
These were then ball-milled using an Inversina 2 L tumbler mixer (Bioengineering AG,
Wald, Switzerland) with 15 mm diameter stainless-steel balls (20:1 ball mill ratio) at a
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mixing speed of 65 rpm for a duration of 1 h. The resulting powder was separated from
the coarse pieces of the midrib that were not well milled. Subsequently, it was dried in a
Heraeus T6 drying oven at 90 °C for 1 h, producing dried leaf powder (DLP).

The DLP was then mixed with Mg powder (60-300 pm, Merck Group, Darmstadt,
Germany) with proportions of 95 wt.% Mg and 5 wt.% DLP in a sealed vessel using an
Inversina 2 L tumbler mixer at a speed of 50 rpm for 1 h to produce a mixture of Mg-5DLP
using powder metallurgy. Figure 1 shows micrographs of the powder materials used in
this work, with Figure 2 and Table 1 outlining the powder size of the leaf powder used,
showing that drying is an effective method of size reduction.
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Figure 1. Micrographs of powder materials used in this work: (a) Mg, (b) DLP after ball milling, and
(c) Mg-5DLP after blending.
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Figure 2. Powder size distribution of leaf powder used as biomass reinforcement in this study.
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The blended powder was compacted into billets using a hydraulic press under a
pressure of 600 psi with a holding time of 2 min, producing cylindrical billets of 35 mm
diameter (Figure 3). The billets were then microwave-sintered to a temperature of 150 °C.
While this is significantly lower than the conventional sintering temperatures typically
employed for Mg-based materials (which are typically above 400 °C) [20], this temperature
was intentionally selected to minimize pyrolysis and the degradation of the biomass
reinforcement while retaining sufficient structural integrity for these biobased composites.
Following sintering, hot extrusion was performed with an 8 mm diameter extrusion die
after prior homogenization for 1 h. The resulting cylindrical rods were then machined
and processed into samples for further characterization. Table 2 shows the extrusion and
homogenization parameters employed in this work.
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Figure 3. Compacted pure Mg and biobased composite billets.

Table 1. Further information on biomass used in this study.

Material Average Circular Equivalent Diameter (um)
Dried Mango Leaves -
Leaf Powder 761 £770
Dried Leaf Powder 5.02 +10.03

Table 2. Extrusion and homogenization parameters used for biobased composites in this study.

Processing Condition Extrusion OTemperature Homogenizatioon
(°O Temperature (°C)

E350 350 400

E250 250 300

E150 150 200

For comparison, pure Mg was also synthesized in the same conditions (omitting the
mixing/blending step). Furthermore, E350 materials were used as reference materials for
subsequent comparisons in this study where applicable.

2.2. Characterization
2.2.1. Microstructure

Leaf powder particle size was characterized using a Morphologi 4 analyzer (Malvern
Panalytical Ltd., Worcestershire, UK) with a sample size of 12,000 particles.
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Flat and parallel samples were fine-finished using a 0.05 micron size alumina sus-
pension and deionized water. Microstructural analysis was carried out using a Hitachi
5-4300 Field Emission Scanning Electron Microscope (FESEM, Hitachi Ltd., Tokyo, Japan)
and JEOL IT200 SEM (JEOL Ltd., Tokyo, Japan), equipped with Energy-Dispersive X-ray
Spectroscopy (EDS).

Grain size characterization was conducted by etching polished sample surfaces with a
solution of 5% citric acid in H,O for the durations listed in Table 3.

Table 3. Etch durations of the materials explored in this work.

Material Etch Duration (s)
Pure Mg E350 60
Pure Mg E250 35
Pure Mg E150 40
Mg-5DLP E350 80
Mg-5DLP E250 25
Mg-5DLP E150 25

Grain morphology was captured using a Leica DM2500 optical microscope (Leica
Microsystems (SEA) Pte Ltd., Singapore). Image processing and grain size quantification
were performed with MATLAB software (version R2013b, Natick, MA, USA), following the
procedures outlined in ASTM E112-13 (2021) [26].

2.2.2. X-Ray Diffraction

X-ray diffraction (XRD) analysis was performed using a Shimadzu XRD-6000
diffractometer (Shimadzu Corporation, Kyoto, Japan) equipped with Cu-K« radiation
(A = 154056 A). The scans were recorded in the 20 range of 10-80° at a scanning speed of
2° per minute, where 0 is the Bragg angle.

2.2.3. Density and Porosity

The experimental density was determined using the Archimedes principle with an AD-
1653 density determination kit (AND Company, Ltd., Tokyo, Japan) attached to the GH-252
balance. A minimum of 6 representative samples were tested to ensure reproducibility.

Porosity analysis was carried out to examine the pore distribution on the sample’s
surfaces. A Hitachi S-4300 FESEM was used to obtain sample images. Quantitative porosity
values were obtained by examining representative polished surface images with Image]J
(version 1.54p, National Institutes of Health, Bethesda, MD, USA), and MATLAB (version
R2013b) software, where the area fraction of pores was calculated to estimate the true
porosity of the materials.

2.2.4. Damping Analysis

Rods measuring 50 mm in length were tested using the impulse excitation technique,
coupled with the Response Frequency Damping Analyzer (RFDA, version 8.1.2) software
(IMCE, Genk, Belgium). The recorded vibration responses were subsequently analyzed
to determine the material’s damping characteristics, including its attenuation coefficient,
damping capacity, and elastic modulus.
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2.2.5. Mechanical Properties

Microhardness characterization was carried out using an Anton Paar Micro Indenta-
tion Tester (MHT, Anton Paar GmbH, Graz, Austria) equipped with a diamond indenter.
The tests were performed at a maximum load of 250 mN with loading and unloading
times of 10 s each and a 2 s holding period in accordance with standard ISO 14577 [27]. A
minimum of 10 representative measurements were recorded across the sample surface of
each material.

Compression tests were carried out using an MTS-810 servo-hydraulic testing system
on specimens with an L/D ratio of 1, loaded until failure. The tests utilized a quasi-static
loading condition as per ASTM E9-09 standards [28], with a strain rate of 0.0083%/s.

2.2.6. Thermal Properties

The ignition behavior of the samples (approximately 2 mm X 2 mm X 2 mm) was
analyzed using a Shimadzu DTG-60H Thermogravimetric Analyzer (Shimadzu Corpora-
tion, Kyoto, Japan). Tests were conducted in purified air (flow rate: 50 mL/min) while
heating from 30 °C to 1400 °C at a rate of 10 °C/min. The thermal response was further
assessed using a Shimadzu DSC-60 (Shimadzu Corporation, Kyoto, Japan) under an argon
atmosphere (flow rate: 25 mL/min), within a temperature range of 30 °C to 600 °C and a
heating rate of 5 °C/min.

The coefficient of thermal expansion (CTE) was determined using a TMA PT1000
analyzer on specimens of approximately 6 mm height (Linseis Thermal Analysis, Selb,
Germany). Measurements were performed between 50 °C and 400 °C at a heating rate of
5 °C/min under an argon gas flow of 100 mL/min.

2.2.7. Corrosion Response

Disks with a thickness of 1.5 mm were sectioned, polished, and immersed in Phosphate-
Buffered Saline (PBS, Thermo Fisher Scientific Inc., Waltham, MA, USA) maintained at
37 °C. The samples were periodically cleaned every 24 h to remove corrosion products
using a cleaning solution containing 1.9 g of AgNOj3 and 20 g of CrOj3 dissolved in 100 mL
of deionized water, followed by rinsing with deionized water [29]. The specimens were
then dried and weighed to determine the amount of weight lost. This was done until
28 days had elapsed or the sample disintegrated, whichever came earlier. Subsequently,
the corrosion rate was calculated using the following equation [29]:

Corrosion Rate (mm/year) = 87.6 x AW/(DAT) (1)

where AW—weight loss in mg; D—experimental density of the material in g/cm?; A—disk
surface area in cm?; and T—immersion duration in hours.

3. Results and Discussion
3.1. Microstructure and Morphology

Figure 4 presents the XRD diffractograms of the materials in this work. Peak identi-
fication was carried out using JCPDS cards from the PDF-5+ (2024) database [30], where
magnesium was indexed to card number 00-004-0770. The Mg-based materials in this
study predominantly display characteristic Mg peaks with a dominant basal texture, as
outlined in Table 4. It was observed that E250 processing resulted in a more dominant
basal texture. The results indicate that the addition of DLP did not appreciably change
the textural response, as all composite samples showed a dominant basal texture akin to
pure Mg.
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Figure 4. X-Ray diffractograms of Mg materials explored in this work.

Table 4. Crystallographic plane data of Mg materials explored in this work.

Material Crystal Plane I I/Tmax
10-10 prism 251 0.0672

Pure Mg E150 0002 basal 3731 1
10-11 pyramidal 1996 0.5350
10-10 prism 134 0.0352

Pure Mg E250 0002 basal 3812 1
10-11 pyramidal 1873 0.4913
10-10 prism 217 0.0707

Pure Mg E350 0002 basal 3068 1
10-11 pyramidal 2155 0.7024
10-10 prism 194 0.0653

Mg-5DLP E150 0002 basal 2971 1
10-11 pyramidal 1828 0.6153
10-10 prism 181 0.0568

Mg-5DLP E250 0002 basal 3187 1
10-11 pyramidal 1644 0.5158
10-10 prism 227 0.0735

Mg-5DLP E350 0002 basal 3086 1
10-11 pyramidal 1896 0.6144

Figure 5 shows the micrographs and selected spectrum locations for EDS analysis,
while Tables 5 and 6 show the EDS results of the detected elements, corresponding to the
various selected spectrum locations.
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Figure 5. SEM micrographs of Mg materials explored in this work, showing selected EDS spec-
trum locations.

Table 5. Tabulated EDS results of pure Mg.

Detected Elements (wt.%)

Material Spectrum
Mg
Pure Mg E350 1 100
Pure Mg E250 2 100
Pure Mg E150 3 100

https://doi.org/10.3390 /met16030293
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Table 6. Tabulated EDS results of selected spectrum regions on biobased composites.

Detected Elements (wt.%)

Material Spectrum i
Mg C Ca Si O K
1 99.9 - - 0.1 - -
Mg-5DLP E350 2 85.8 13.1 0.4 0.6 - -
1 93.5 46 - 0.3 16 -
Mg-5DLP E250 2 16.1 32.0 0.3 0.1 212 0.2
1 90.6 8.7 - - 0.7 -
Mg-5DLP E150 5 57 550 01 01 83 -

Closer examination of the SEM micrographs and corresponding EDS point analyses
indicates that darker (porous) regions contain DLP-derived constituents [18,31]. This
behavior is attributed to the evaporation of volatile components from the biomass during
sintering, which leads to localized pore formation.

Table 7 and Figure 6 below showcase the higher porosity of the explored biobased
composites. As previously described, this is attributed to the presence of DLP, resulting
in the formation of localized pores in the material after sintering. Furthermore, compared
to pure Mg, the inclusion of biomass particles introduces regions of weaker interfacial
bonding and heterogeneous diffusion during sintering, which can further promote pore
generation at the metal-biomass interfaces [32-35]. Finally, the pore size distribution was
comparatively wider in Mg-5DLP composites. In the context of the extrusion temperature,
the pore size variation was narrower at a 350 °C extrusion temperature for monolithic and
composite samples.

Table 7. The grain morphology, density, and porosity of the Mg materials explored in this work.

Average Grain Average Grain Experimental

Material Diameter (um) Aspect Ratio Density (g/cc) Porosity (%)

Pure Mg E350 18.6 4.9 1.7+ 0.6 1.735 0.43
144 £3.5

Pure Mg E250 (| 22.6%) 1.6 £04 1.725 0.76
55+ 14

Pure Mg E150 (1. 70.4%) 1.5£03 1.728 1.24

Mg-5DLP E350 179 £ 4.1 1.7+0.6 1.725 1.56
153 £3.2

Mg-5DLP E250 (| 14.5%) 1.6 £04 1.712 1.73
49+1.0

Mg-5DLP E150 (| 72.6%) 1.6 £04 1.705 2.47

Porosity in powder metallurgy-processed Mg composites is affected by incomplete
particle bonding, volatilization of non-metallic phases, and limited diffusion at lower
processing temperatures [36]. Similar residual porosity has been reported in PM Mg
matrix composites even after extrusion, particularly when low-density or non-metallic
reinforcements are incorporated. Such behavior is intrinsic to PM-based processing routes
and differs from cast-and-extruded Mg systems [37].
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Figure 6. Pore size distribution of the Mg materials in this work.

Considering the porosity values obtained, which were within normal range for PM-
synthesized Mg composites in the literature (despite the lower sintering temperatures) [38],
the material was consolidated effectively even with higher porosity compared to liquid-to-
solid synthesis, e.g., casting [39].

Figure 7 and Table 7 show the grain size and morphology of the explored materials.
The addition of DLP did not significantly alter the grain morphology (size and aspect
ratio), suggesting that the DLP particles did not act as effective nucleation sites for grain
refinement during processing.

Grain Size Distribution
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g
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1
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0.05
0

40

Grain Diameter (um)

Figure 7. Grain size distribution of Mg materials studied in this work.

Conversely, the decrease in extrusion temperature from E250 to E150 was accom-
panied by reductions in grain size (to 70.4% for pure Mg and to 72.6% for Mg-5DLP).
This phenomenon can primarily be attributed to the reduced amount of energy available
to allow grains to grow. The reduced extrusion temperatures suppress grain growth by
decreasing the mobility of grain boundaries, thereby maintaining a finer grain structure;
lower temperatures mean that there is less energy available to facilitate grain growth after
the recrystallization [40]. These observations align with findings in other studies, where
lower extrusion temperatures resulted in finer grain sizes in magnesium alloys [41,42].

https:/ /doi.org/10.3390/met16030293


https://doi.org/10.3390/met16030293

Metals 2026, 16, 293

11 of 19

3.2. Damping Analysis
Figure 8 shows the vibration response curves of Mg materials in this work. A best-fit
curve with a general form of Ae ! was fitted, where b is the attenuation coefficient.

2.0 3.0
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2 2
5 00- 5 00- E—— -
£ £
< < -10-
-1.0-
—-2.0-]
-2.07% T -3.07 T T
0.0 0.1 0.2 0.0 0.1 0.2
Time Time
4.0 3.0
3.0- Pure Mg E250 Mg-5DLP E250
’ - -5105% 2.0
20 y=2684le = 2.480] e84 5
w i w
'g 1.0 -g
- -
a5 0.0 e s
£ il £
<« -10 <
-2.0-
_370_
-4.0- T T T
0.0 0.1 0.2 0.3 0.2
Time Time
3.0 2.0
Pure Mg E150 Mg-5DLP E150
2.0 1.5+
y=2.5332¢26% ¥ = 14508e b0
w 1.0 w
o o
& 0.0 ———— =
£ E
< _10- <
-2.07]
-3.0-} T T -1.57% T
0.0 0.1 0.2 0.0 0.1 0.2

Time Time
Figure 8. Vibration response curves of explored Mg materials in this work.

Table 8 shows the damping properties of the materials explored in this work, with Pure
Mg E150 and Mg-5DLP E250 exhibiting optimal performance. Compared with pure Mg,
the biobased composite exhibits a superior damping performance because natural biomass
(e.g., plant fibers/particles) promotes internal friction and energy dissipation at interfaces
and within the particles themselves [43]. Studies on natural fiber composites report clear
improvements in vibration damping and energy absorption when bio-reinforcements are
used [44,45]. Furthermore, porous materials tend to show better damping performance
because pores and internal voids allow local deformation, frictional motion, and viscous dis-
sipation of mechanical energy. This explains why materials extruded at lower temperature
(with higher porosity /air content) can exhibit better damping performance [46].

For the elastic modulus, pure Mg samples showed a reduction in the modulus with a
decrease in extrusion temperature, and this can be attributed to a progressive increase in
porosity [47]. However, Mg-5DLP composites exhibited the opposite trend (Table 7), and
the addition of DLP negated the effect of porosity, which was higher compared to that of
the monolithic samples. Further work is continuing in this area.
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Table 8. Damping properties and Young’s modulus of Mg materials in this work.

. Attenuation . . Young’s Modulus

Material Coefficient Damping Capacity (GPa)
Pure Mg E350 4413 0.001317 48.04
51.95 0.001489 412

Pure Mg E250 (+17.7%) (1 13.1%) (] 8.2%)
52.60 0.001725 4095

Pure Mg E150 (1 19.2%) (1 31.0%) (1 14.8%)
Mg-5DLP E350 5471 0.001487 425
84.53 0.002099 1327

Mg-5DLP E250 (1 54.5%) (1 41.2%) (1 1.8%)
68.76 0.001624 43.68

Mg-5DLP E150 (1 25.7%) (1 9.21%) (+ 2.7%)

3.3. Mechanical Properties

Table 9 outlines the mechanical properties of the Mg materials used in this study and
Figure 9 shows the stress—strain curve for monolithic and composite samples studied at
different extrusion temperatures.

Table 9. Mechanical properties of Mg materials explored in this work.

0.2% .
. Compressive U1t1mate': Fracture Strain ~ Work of Fracture
Material Hardness (Hy) Yield Strength Compressive (%) (MJ/m?)
(MPa) Strength (MPa)

Pure Mg E350 7349 101 + 2 258 + 5 261+ 05 39 +2
442 103 + 1 232 +2 294409 041

Pure Mg E250 (1. 39.7%) (1 2.0%) (1 10.1%) (1 12.6%) (1 7.8%)
48+3 107 + 1 125 + 2 142 + 0.4 1340

Pure Mg E150 (1 34.2%) (1 5.9%) (1 51.6%) (| 45.6%) (1 66.7%)
Mg-5DLP E350 70 + 4 93 +2 207 +3 233+ 04 31+1
57+ 5 9 +4 184+ 3 235+ 0.4 27 +1

Mg-5DLP E250 (1 18.6%) (1 1.1%) (1 18.9%) (1 0.9%) (1 12.9%)
49+ 6 106 + 2 121 +3 80+ 1.2 541

Mg-5DLP E150 (1. 30.0%) (1 14.0%) (1 46.7%) (| 65.7%) (1 83.9%)

At lower extrusion temperatures, both hardness and ultimate compressive strength
were reduced. This reduction in properties can be collectively attributed to higher porosity
(hardness) and its ability to act as stress concentration site, lowering the material’s ability to
resist plastic deformation (UCS). Similar behavior has also been reported in other metallic
and Mg-based systems [48,49].

Additionally, according to the Hall-Petch relationship, finer grain structures obtained at
lower extrusion temperatures contribute to increased yield strength, as smaller grains act as
barriers to dislocation motion. Thus, the combined effects of grain refinement and retained
dislocation density result in a moderate strengthening effect in the Mg-5DLP composites
processed at lower extrusion temperatures [50-52]. The fracture strain for the E250 materials
was similar to that of E350, showing good ductility at a moderate extrusion temperature.
However, the E150 materials showed compromised ductility with low fracture strain. Similar
trends are commonly seen within metallic composites exhibiting elevated porosity [53-55].
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Overall, the results indicate that extrusion at 250 °C yielded the best combination of properties
for pure Mg, while extrusion at 350 °C proved most suitable for Mg-SDLP composites.
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Figure 9. Representative stress—strain curves for (a) pure Mg and (b) biobased composites in this work.

Figure 10 shows the samples after compressive failure, with a 45-degree angle of
fracture. Crushing was observed, which prevented more detailed examination of frac-
ture surfaces.

Figure 10. Macro-scale photographs of fractured Mg materials in this work.
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3.4. Thermal Properties

Figure 11 and Table 10 show the ignition responses of the pure Mg and biobased
composites, while Figure 12 displays the thermal response of the Mg materials used in this
work. The results indicate that neither ignition temperature nor thermal response were
significantly affected by either the addition of DLP or the change in extrusion temperature,
demonstrating that thermal stability remains largely uncompromised following the addi-
tion of DLP particles. Table 11 shows the CTE of the Mg materials. No significant changes
in CTE were observed for the E350 and E250 materials, while a noticeable increase was
seen for the E150 materials. This increase is likely due to higher porosity at lower extrusion
temperatures, something which was also observed with stainless-steel materials used in a

different study [56].
800 -
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Figure 11. Ignition response of Mg materials explored in this work.
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Figure 12. Thermal response of Mg materials explored in this work.
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Table 10. Ignition temperature of Mg materials explored in this work.

Material Ignition Temperature (°C)
Pure Mg E350 598
Pure Mg E250 609
Pure Mg E150 598
Mg-5DLP E350 594
Mg-5DLP E250 594
Mg-5DLP E150 592

Table 11. Coefficient of thermal expansion of Mg materials explored in this work.

Material Average Coefficient of Thermal Expansion (x10-6/K)
Pure Mg E350 253 +£04
Pure Mg E250 253 +04
264 £09
Pure Mg E150 (1 4.3%)
Mg-5DLP E350 253 +£0.2
25.6 £0.6
Mg-SDLP E250 (T 120/0)
27.3£0.7
Mg-5DLP E150 (1 7.9%)

3.5. Corrosion Response

Table 12 shows that corrosion response was affected by both extrusion temperature

and the presence of DLP. At a higher extrusion temperature (E350), Mg-5DLP material

corroded much faster than pure Mg (84.6 vs. 1.7 mm/year), and at E250 the composite still

corroded more (15.6 vs. 3.5 mm/year). However, at the lowest extrusion temperature (E150)

the Mg-5DLP composite showed a significantly lower corrosion rate (1.3 mm/year), even

lower than that of pure Mg at the same temperature (2.0 mm/year). At higher processing

temperatures (E350 materials), the DLP experienced greater thermal degradation (pyrolysis

to biochar) which increased electrical conductivity [57-60], which in turn promoted galvanic

corrosion and sped up corrosion rates. In contrast, the lower extrusion temperature in E150

processing minimized this effect, resulting in lower corrosion rates.

Table 12. Corrosion rates of pure Mg and biobased composites explored in this work.

Material Overall Corrosion Rate (mm/year)
Pure Mg E350 1.7
Pure Mg E250 t 13'5590/ )
Pure Mg E150 (T 127'060/ )
Mg-5DLP E350 84.6
Mg-5DLP E250 (0 ;5.20/)
1.3
Mg-SDLP E150 (\L 98 50/0)
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The much more significant improvements in corrosion rate for Mg-5DLP in correlation
with the lower extrusion temperature suggest that chemical effects have a more significant
effect on corrosion rates compared to morphological factors (i.e., porosity).

4. Conclusions

Pure Mg and Mg-5DLP composites were successfully synthesized using powder
metallurgy incorporating energy-efficient microwave processing in this work. The key
conclusions are as follows:

(1) The inclusion of 5 wt.% Dried Leaf Powder (DLP) had minimal impact on the overall
microstructure, but finer grains were observed at lower extrusion temperatures (a
70.4% reduction for pure Mg E150 and a 72.6% reduction for Mg-5DLP E150), which
can be attributed to enhanced dynamic recrystallization and limited grain growth
caused by lower processing temperatures.

(2) The explored biobased composites consistently exhibited higher porosity, primarily
due to evaporation of volatile organics, weak interfacial bonding, and limited diffusion
between Mg and DLP particles at lower sintering temperatures necessitated by the
thermal sensitivity of biomass-derived reinforcements.

(38) The higher porosity enhanced the damping capacity and attenuation coefficient for
both pure Mg and Mg-5DLP, particularly at lower extrusion temperatures (a 41.2%
and a 54.5% increase, respectively, for E250 processing).

(4) Mechanical performance showed a trade-off with decreasing extrusion temperature:
lower temperatures led to increased porosity, which reduced hardness, compressive
strength, and ductility, while a slight increase in yield strength was observed (a
5.9% increase for pure Mg E150 and a 14.0% increase for Mg-5DLP) due to retained
dislocation density. Overall, the results indicate that extrusion at 250 °C yields the
best combination of properties for pure Mg, while extrusion at 350 °C is most suitable
for Mg-5DLP composites.

(5) The thermal stability of Mg was largely retained after DLP addition.

(6) Corrosion behavior was influenced by both DLP addition and extrusion temperature.
The Mg-5DLP biobased composite corroded faster than pure Mg at higher extrusion
temperatures; however, at the lowest extrusion temperature (E150), the Mg-5DLP
composite exhibited corrosion resistance superior to that of pure Mg (1.3 mm/year
as compared to 2.0 mm/year), highlighting the potential of processing conditions in
property tailoring and the importance of chemical factors in comparison to morpho-
logical ones in relation to corrosion management.

(7) Overall, adding DLP improves damping and further reduces weight but requires
careful control of processing parameters to minimize negative effects on mechanical
and corrosion properties.

Future work could involve further refinement of processing parameters, possible pre-
processing of DLP, and compositional control (through the addition of alloying elements
and a change in matrix material) to tailor properties and minimize compromises for high-
performance applications.

These findings not only highlight the potential of incorporating natural biomass into
metallic systems for developing lightweight and sustainable materials, but also estab-
lish a strong foundation for future investigations into metal-biomass composite design,
processing optimization, and performance enhancement while minimizing the poten-
tial limitations.

The successful incorporation of natural biomass, despite the inherent thermal stability
compromise of the initial raw biomass material, presents an encouraging and new research
path for bio-derived reinforcements in future metallic composites. Considering the biocom-
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patible nature of magnesium as is, one potential field in which it could prove useful is the
biomedical sector, where functional properties (e.g., drug delivery, bioactive compounds)
are paramount to not just recovery, but enhancement of general health.
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