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ARTICLE INFO ABSTRACT

Keywords: This study investigates the effect of hydroxyapatite (HAp) and magnesium oxide (MgO) dual fillers on the me-

PLA chanical, thermal, and fracture behaviour of polylactic acid (PLA) composites through experimental character-

;Ag isation and numerical simulations. PLA-HAp-MgO composites were fabricated via injection moulding with a
8

fixed HAp content of 15 wt% and MgO contents ranging from 1 to 7 wt%. Results showed that 3 wt% MgO
provided the optimum performance, increasing yield strength and ultimate tensile strength by 82.09% and
54.65%, respectively, compared with PLA-HAp. Thermal analysis using TGA/DTG/DSC showed that MgO
incorporation modified the degradation behaviour of the PLA-HAp matrix. Particularly, the 3 wt% MgO com-
posite exhibited a high-temperature DTG peak at 487.5 °C, indicating improved resistance to rapid mass loss and
enhanced thermal response. Finite element simulations reproduced the experimental tensile response with de-
viations below 5%, validating the predictive capability of the numerical model. Phase-field fracture simulations
revealed a composition-dependent trade-off between stiffness and fracture behaviour. The 3 wt% MgO composite
delayed crack initiation but exhibited brittle-dominant fracture through damage localisation, whereas higher
MgO loadings (5-7 wt%) promoted more gradual crack propagation. To this end, the dual HAp-MgO rein-
forcement significantly improved the strength, stiffness, and thermal resistance of PLA composites while
providing insight into fracture mechanisms through the experimentally validated numerical simulation.

Sustainable material
Sustainable manufacturing
Product innovation

1. Introduction To overcome the limitations, polymer blending offers a convenient

physical modification approach by incorporating different polymers or

As a thermoplastic, polylactic acid (PLA) that is derived from the
a-hydroxy acid family via fermentation of plant starches (e.g., corn,
sugarcane, or potatoes), acts as a greener alternative to traditional
petrochemical-based polymers. It has gained significant research inter-
est due to its environmentally friendly characteristics, including biode-
gradability and high composability [1]. Besides, With a density of
approximately 1.24 g/cm?3, it exhibits good mechanical strength (~50
MPa) and a high elastic modulus (~2.0 GPa), enabling eco-friendly
applications such as packaging and biomedical devices [2-4]. Further-
more, its excellent thermal stability supports most of the manufacturing
techniques like melt extrusion, film casting, blow moulding, and fiber
spinning. However, its low impact toughness, inherent brittleness, and
limited use temperature hinder broader applications [5].
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nanofillers into PLA to generate PLA composite with enhanced proper-
ties. For example, Hinchcliffe et al. reported that jute fiber increased the
specific tensile strength and stiffness of neat PLA by 116% and 62%,
respectively [6]. Aishah et al. found that a 90:10 PLA/recycled HDPE
blend enhanced tensile modulus by 12.2% [7]. while Lu et al. showed
that 30 wt% glass fiber improved PLA-HDPE tensile strength by 75.32%
and thermal degradation temperature by 17 °C [8]. Two other potential
fillers as reinforcement in PLA matrix are hydroxyapatite (HAp) and
magnesium oxide (MgO), which can enhance mechanical, thermal, and
bioactive properties for advanced applications. HAp, with an elastic
modulus up to 120 GPa and compressive strength of 200 MPa, mimics
bone mineral content and promotes cell attachment in biomedical uses
like tissue engineering and implants [9,10]. A study by Tsuchiya et al.
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demonstrated that porous HAp-collagen implants enabled cortical bone
repair in rabbit models, with larger pore interconnections facilitating
tissue invasion and rapid bone formation [11]. Murugan et al. used HAp
to successfully synthesize orthopaedic implant hybrid material with
polycaprolactone (PCL) and graphene oxide (M-HAP/PCL/GO) [12].

MgO features a high elastic modulus (up to 100 GPa), thermal con-
ductivity of 50 W/m-K, and melting point of 2800 °C, considers it as a
strong reinforcing filler that boosts the composite's thermal stability and
mechanical strength. In addition to its reinforcing capability, recent
studies have reported that MgO can influence the structural evolution of
PLA-based materials through effects on crystallization behaviour, chain
mobility, interfacial interactions, and processing-induced reactions.
These mechanisms have been shown to affect the thermal, mechanical,
and functional performance of PLA blends and nanocomposites. There-
fore, MgO may contribute to composite behaviour through both physical
reinforcement and microstructural modification of the PLA matrix
[13-15]. In a study by Zhao et al., 1 wt% MgO increased the elastic
modulus and tensile strength of PLLA by 78% and 17%, respectively
with 77% increased crystallinity [16]. Likewise, Cament et al. demon-
strated that 10 wt% MgO enhanced LDPE's elastic modulus by 48% and
provided antimicrobial activity against Escherichia coli up to 53% effi-
ciency [17]. Although PLA composites reinforced with HAp and
MgO-based fillers have been reported, limited studies have combined
systematic experimental characterisation with finite element and
phase-field fracture simulation to evaluate the mechanical, thermal,
morphological, and fracture behaviour of PLA-HAp-MgO composites.

In this context, the present work makes three main contributions.
First, we provide systematic experimental characterisation of PLA
composites with dual HAp-MgO fillers (varying 1-7 wt% MgO, fixed 15
wt% HAp), quantifying effects on morphology, mechanical performance
and thermal stability and identifying an optimum wt.% MgO with sub-
stantially enhanced strength, stiffness, and degradation temperature
relative to PLA-HAp. Second, we develop and validate an elastic finite
element model reproducing experimental tensile responses with agreed
<5% deviations, demonstrating that experimentally determined elastic
properties are sufficient to accurately predict macroscopic stress-strain
behaviour. Third, we implement a phase-field fracture framework to
elucidate crack initiation and propagation mechanisms as a function of
MgO content, revealing a clear trade-off between stiffness/strength and
fracture stability and providing mechanistic guidelines for tailoring the
fracture behaviour of PLA-based composites. Collectively, these contri-
butions establish a combined experimental-numerical methodology for
the design of sustainable PLA-HAp-MgO composites for structural and
biomedical applications.

2. Experimental design
2.1. Materials and Method

Medical grade PLA pellets (3 mm average size), MgO particles (250
nm), and HAp particles (80 nm) were sourced from Sigma-Aldrich. The
average melting point of PLA, HAp and MgO particles are 170 °C,
1100 °C and 2800 °C respectively. All the chemicals were used as pur-
chased and without further purification. All PLA matrix composites
maintained a fixed HAp concentration of 15 wt%, while MgO levels
varied at 1, 3, 5, and 7 wt% as detailed in Table 1. The HAp content was

Table 1
Composite designation and wt% of MgO.

Designation PLA (wt. %) HAp (wt. %) MgO (wt. %)
PLA-HAp 85 15 0
PLA-HAp-MgO1 84 15 1
PLA-HAp-MgO3 82 15 3
PLA-HAp-MgO5 80 15 5
PLA-HAp-MgO7 78 15 7
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fixed at 15 wt% based on previous studies reporting favourable me-
chanical performance and processability of the composites at this con-
centration [18]. MgO loadings of 1-7 wt% were selected to investigate
the effect of MgO addition on composite properties and to identify the
optimum loading before excessive particle agglomeration occurs. Prior
to blending and injection moulding, PLA pellets were dried at 60 °C for
4 h, while HAp and MgO powders were dried at 80 °C for 12 h to
minimise moisture uptake and prevent hydrolytic degradation during
processing. The dried PLA, HAp, and MgO constituents were premixed
using a tumble mixer, followed by fabrication using a vertical plastic
injection moulding machine, MATHMAN MPR750R2, China as reported
in our previous studies [19,20].

The moulding chamber temperature was set to 160 °C for crystalli-
zation of polymers. The injection temperature and pressure in the
moulding machine were set at 220 °C and 50 bar, respectively, to
introduce the semi-pressurized PLA matrix blended with fillers (HAp
and MgO) into the die cavity. Similar to our previous study, the injection
time (10 s), cooling time (40 s) and ejection time (2 s) were maintained
and the samples were removed from die cavity once injection moulding
was done. The samples for mechanical tests were then cut as per ASTM
standards. Schematic illustration of the injection moulding setup is
shown in Fig. 1.

2.2. Characterizations

Thermogravimetric analysis and differential scanning calorimetry
(TGA/DSC) were performed using a NETZSCH STA 449 F3 simultaneous
thermal analyser. Samples were heated from approximately 28 °C to
1000 °C at a heating rate of 20 K/min using DSC/TG sample carriers and
alumina crucibles. The measurements were conducted under nitrogen
atmosphere throughout the test. The TGA curves were used to evaluate
mass-loss behaviour and residual mass, while the corresponding DTG
curves were derived from the TGA data to identify the temperature
associated with the maximum degradation rate. DSC curves were used as
supporting thermal evidence to identify heat-flow events associated
with polymer degradation and filler-related thermal transitions. To
ensure measurement reliability, the instrument was calibrated accord-
ing to the manufacturer's procedures before testing, and all samples
were tested under identical experimental conditions.

A JASCO FT/IR-6300 (Japan) Type A Fourier transform infrared
(FTIR) spectrometer was used in attenuated total reflectance (ATR)
mode to identify chemical interactions and functional groups, scanning
from 4000 to 500 cm ! at 4 cm ™! resolution (32 scans per sample).
Surface morphology and fracture surfaces (post-tensile/flexural testing)
were examined using a JEOL JSM-7600F (Japan) at 2-5 kV after sputter
coating with ~5 nm Au-Pd. Samples were observed at 500x to 1000x
magnification.

X-ray diffraction (XRD) analysis was conducted to identify the
crystalline phases present in the PLA-HAp and PLA-HAp-MgO compos-
ites. The XRD measurements were performed using a PANalytical
XPERT-3 diffractometer equipped with a reflection transmission spinner
stage. The samples were scanned in continuous mode over a 20 range of
5.0066° to 89.9876° using Cu Ka radiation. The operating voltage and
current were maintained at 45 kV and 30 mA respectively. The step size
was 0.0130° 26, and the scan step time was 48.195 s. Measurements
were carried out at room temperature using a spinning sample stage to
improve counting statistics and reduce preferred-orientation effects. The
obtained diffraction patterns were analysed qualitatively to confirm the
presence of crystalline inorganic phases, particularly HAp and MgO
reflections and to examine whether new crystalline phases were formed
after MgO incorporation.

Elastic modulus (E), 0.2% offset yield strength and ultimate tensile
strength (o) of the composite were measured as per ASTM D638 using an
Instron 5985 (n 3 per composition). Flexural strength, bending
modulus, and strain were determined as per ASTM D790 using 3-point
bending (100 mm x 20 mm x 5 mm) at 2 mm/min (n 3 per
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Fig. 1. Injection moulding process illustrated.

composition). The density of each composite was determined experi-
mentally from the measured mass and specimen dimensions. The vol-
ume was calculated from the specimen geometry, and density was
obtained as the ratio of mass to volume and subsequently used for the
Ashby chart analysis.

2.3. Numerical simulations

2.3.1. Finite element analysis (FEA)

Linear finite element analysis was performed using COMSOL Multi-
physics 6.2 (Solid mechanics module) to replicate the experimental
tensile tests. The dumbbell tensile specimen was meshed with 2D
triangular element using the physics-controlled mesh setting under
General Physics. A 2D plane-stress formulation was adopted because the
tensile specimens were thin relative to their gauge length and width, and
the dominant deformation during uniaxial tensile loading was assumed
to occur in the in-plane direction. The model therefore captures the
macroscopic stress distribution and relative crack-initiation behaviour.

The mesh size was selected as extremely fine to ensure better accu-
racy in capturing the stress distribution, especially at the gauge section
where failure is expected to occur. The whole model had about 41,017
elements with the maximum size = 1.05 mm, and the minimum size =
0.00211 mm and maximum element growth rate = 1.1. The maximum
growth rate helped to allow a smooth transition between large and small
elements. The curvature factor was defined as 0.2 so that the curved
shoulder regions of the specimen could be captured properly. The res-
olution of narrow regions was set to 1 to improve the mesh quality at the
reduced cross-section area. Mesh convergence was verified by ensuring
<1% change in max. Stress with progressive refinement. One grip end
was fixed (u, = 0,u, = 0), while the opposite end received ramped axial
displacement (quasi-static rate equivalent to 5 mm/min, total ~5%
strain). Material properties such as elastic modulus (E), poison ratio (v),
and density (p) were assigned per composition. Maximum von Mises
stress (o) at failure was extracted for validation against the ultimate
strength of the material (S,;) within deviation <5%.

2.3.2. Phase-field fracture modelling

Crack initiation/propagation was simulated using a phase-field
approach (isotropic damage model) coupled to the elastic FEA frame-
work. The fracture energy (G.) was calibrated from experimental (Sy)

2
Slﬂ

and (E), per composition G, ~ 24, length scale | = 0.5 mm). The phase-
field order parameter d (0 = undamaged, 1 = fully broken) evolved via
the AT2 (Ambrosio-Tortorelli 2) model. Damage initiated when tensile
strain energy exceeded G, driving diffuse crack evolution without
predefined paths. Simulations used the same geometry/mesh as FEA
with history-field tracking to enforce irreversibility. It should be noted
that this approximation provides only an estimated fracture energy
based on macroscopic tensile properties and does not fully account for

3697

microstructural effects such as particle dispersion, filler-matrix
debonding, agglomeration, and crack deflection. Therefore, the calcu-
lated G, values were used as comparative calibration parameters for the
phase-field model rather than as experimentally measured fracture
toughness values. Moreover, the phase-field results are used for quali-
tative mechanistic interpretation rather than quantitative fracture
validation.

3. Results and discussion
3.1. Morphological characterization

Fig. 2 shows the SEM results of neat PLA-HAp and PLA-HAp-MgO
composites. Neat PLA-HAp (Fig. 2A) exhibited a smooth surface
morphology, reflecting uniform embedding of HAp particles within the
PLA matrix without excessive roughness. In contrast, MgO reinforce-
ment introduced surface texturing and increased roughness (Fig. 2B-E),
with protruding MgO particles creating irregular topography. Low MgO
contents (1-5 wt%, Fig. 2B-D) showed relatively continuous surface
morphology with less obvious filler clustering than the 7 wt% MgO
composite, suggesting improved filler dispersion and physical filler-
—-matrix contact. This morphology may support more effective load
sharing between the PLA matrix and the inorganic fillers. At 7 wt% MgO
(Fig. 2E), clumping of particles (agglomeration) was evident, forming
filler clusters that disrupt matrix continuity and act as stress concen-
trators. This caused decline in mechanical properties as evidenced and
discussed in Section 3.5.

3.2. FTIR analysis

Fig. 3 shows the FTIR spectra of PLA-HAp and PLA-HAp-MgO com-
posites. All composites exhibited characteristic peaks at 1088 cm ™! (P-O
stretching of the phosphate group, PO3", from HAp), 1181 em ! (C-O
stretching of the PLA ester group), 1456 cm ™! (C-H bending of CHs in
PLA), and 1752 cm ™! (C=O0 stretching of the PLA ester carbonyl group)
[21,22]. Variations in band intensity were observed, particularly near
2917 em ™}, corresponding to C-H stretching vibrations, which may be
associated with compositional changes caused by MgO incorporation
into the PLA-HAp matrix. However, no new absorption bands or sig-
nificant peak shifts were detected, indicating that the addition of MgO
did not substantially alter the chemical structure of PLA. Therefore, the
observed improvements in mechanical and thermal properties are pri-
marily attributed to physical filler reinforcement and microstructural
effects rather than the formation of new chemical interactions among
the constituents.

3.3. XRD

Fig. 4 shows the XRD patterns of PLA-HAp and PLA-HAp-MgO
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Fig. 2. Morphology plots of (A) neat PLA-HAp (B) PLA-HAp-MgO1 (C) PLA-HAp-MgO3 (D) PLA-HAp-MgO5 and (E) PLA-HAp-MgO7.
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Fig. 3. FTIR spectra of neat PLA-HAp and PLA-HAp-MgO composites.

composites with different MgO loadings. The XRD measurements were
carried out using Cu Ka radiation over a 26 range of approximately 5-
90°. The PLA-HAp composite showed broad diffraction features in the
lower 20 region, particularly around 16-24°, indicating the presence of
the polymer matrix together with the inorganic HAp phase. The broad
nature of these features suggests that the composite retained a largely
polymer-dominated structure with dispersed inorganic filler phases.
With the incorporation of MgO, additional crystalline reflections were
observed in the MgO-reinforced composites. The XRD phase identifica-
tion confirmed the presence of magnesium oxide/periclase-related
crystalline phases in the MgO-reinforced samples. This confirms that
MgO remained as a crystalline filler phase after injection moulding and
was not completely transformed or degraded during processing. The
persistence of MgO-related reflections supports the role of MgO as a rigid
inorganic reinforcement within the PLA-HAp matrix.

The presence of MgO/periclase-related peaks in MgO-reinforced
composites further supports the mechanical results. At low to
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moderate MgO loading, especially 3 wt% MgO, the retained crystalline
MgO phase can act as a rigid load-bearing filler within the PLA-HAp
matrix. This contributes to improved stiffness, load sharing, and resis-
tance to deformation, which is consistent with the observed increase in
tensile strength, yield strength, and flexural strength. However, at
higher MgO loadings, the mechanical properties decreased despite the
continued presence of crystalline MgO. This indicates that the rein-
forcing effect of MgO is not governed only by its crystalline phase, but
also by its dispersion quality within the polymer matrix. The SEM results
showed particle agglomeration at higher MgO content, which can create
local stress-concentration sites and reduce the effective load-bearing
capacity of the composite.

3.4. Thermal analysis: TGA, DTG, and DSC

Fig. 5A shows the thermogravimetric analysis (TGA) curves of PLA-
HAp-MgO composites with different MgO loadings, while Fig. 5B
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XRD patterns of PLA-HAp-MgO composites
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Fig. 4. XRD patterns of PLA-HAp and PLA-HAp-MgO composites with different MgO loadings, showing polymer-related broad diffraction features and MgO/

periclase-related crystalline reflections in MgO-containing composites.

presents the corresponding derivative thermogravimetric (DTG) curves.
The DSC curves are shown in Fig. 5C.

The TGA curves show that all PLA-HAp-MgO composites underwent
a major mass-loss between approximately 280 °C and 330 °C, which is
mainly associated with thermal degradation of the PLA matrix. The
corresponding DTG curves were used to identify the maximum
degradation-rate temperature Tpq, because DTG provides a clearer
indication of the temperature at which the highest mass-loss rate occurs.
The PLA-HAp-MgO1 composite showed a main DTG peak at 313.0 °C
and a secondary degradation event at 486.2 °C. The PLA-HAp-MgO5 and
PLA-HAp-MgO7 composites showed main DTG peaks at 309.2 °C and
313.6 °C, respectively, with secondary high-temperature events at
466.1 °C and 485.5 °C. These results indicate that the primary degra-
dation behaviour of the PLA-HAp-MgO system is governed mainly by
degradation of the PLA matrix, while secondary high-temperature
events are associated with further decomposition of intermediate
degradation residues and the thermal response of the inorganic-filled
composite structure.

The PLA-HAp-MgO3 composite exhibited a different degradation
profile compared with the other compositions. Although a lower-
temperature degradation event was observed at 310.8 °C, the stron-
gest DTG peak appeared at 487.5 °C. This indicates that the 3 wt% MgO
composite exhibited a pronounced high-temperature degradation, sug-
gesting enhanced resistance to rapid mass loss at the primary degrada-
tion stage. This behaviour is consistent with the superior mechanical
performance of the same composition, where 3 wt% MgO produced the
highest tensile strength, yield strength, and flexural strength. Therefore,
the thermal and mechanical results together suggest that 3 wt% MgO
provides the most favourable balance between filler reinforcement,
physical filler-matrix contact, and restriction of PLA chain mobility.

The thermal degradation parameters obtained from TGA/DTG and
DSC analysis are summarised in Table 2.

The DSC curves further support the composition-dependent thermal
behaviour of the composites. The PLA-HAp-MgO1 composite showed a
major DSC peak at 314.3 °C, which agrees closely with its main DTG
peak at 313.0 °C. The PLA-HAp-MgO3 composite exhibited multiple
DSC events at 106.7, 283.3, and 456.6 °C, indicating a more complex
thermal response. The high-temperature DSC event at 456.6 °C corre-
sponds reasonably with the high-temperature DTG event observed for
this composition. The PLA-HAp-MgO5 composite showed DSC peaks at
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282.5 and 550.1 °C, while the PLA-HAp-MgO7 composite showed a
major DSC peak at 319.2 °C. These DSC events confirm that MgO loading
modifies the thermal response of the PLA-HAp matrix, most likely
through changes in filler dispersion, restriction of polymer-chain
mobility, and the barrier effect of thermally stable inorganic fillers.

The thermal behaviour is consistent with the FTIR and XRD results.
FTIR analysis showed no new absorption bands or significant peak shifts
after MgO incorporation, indicating that MgO addition did not produce
major new chemical interactions within the PLA matrix. XRD analysis
confirmed the retention of crystalline MgO/periclase-related phases in
the MgO-containing composites. Therefore, the improved thermal
response is attributed mainly to physical reinforcement, filler disper-
sion, physical filler—matrix contact, restricted PLA chain mobility, and
the barrier effect of inorganic HAp and MgO phases rather than the
formation of new chemical reaction products.

The PLA-HAp-MgO1, PLA-HAp-MgO3, and PLA-HAp-MgO7 com-
posites showed residual masses of approximately 2.86%, 0.34%, and
0.51%, respectively, near 997 °C. However, the PLA-HAp-MgO5 TGA
curve showed an unrealistic negative residual mass, indicating a base-
line correction artefact. Therefore, the residual mass of PLA-HAp-MgO5
was not considered for quantitative interpretation. Overall, the TGA,
DTG, and DSC results show that MgO addition modifies the thermal
degradation behaviour of PLA-HAp composites, with the 3 wt% MgO
composition showing the most favourable combined thermal and me-
chanical response.

3.5. Mechanical properties of composites

Fig. 6 shows the tensile and flexural stress-strain curves of PLA-HAp
and PLA-HAp-MgO composites, while Tables 3 and 4 summarizes
extracted tensile and flexural properties of composites.

The PLA-HAp-MgO03 (3 wt% MgO) composite showed the maximized
tensile performance, boosting the ultimate tensile strength by 54.65%
and yield strength of the composites at 0.2% offset by 82.09% relative to
PLA-HAp composite (33.21 MPa). Elastic modulus peaked at 1 wt% MgO
(+26.4%, from 3225.9 MPa to 4077.6 MPa), reflecting MgO's high
intrinsic stiffness that enhances composite rigidity even at low loadings.
The improved strength of the MgO-reinforced composites can be
attributed to the physical reinforcing effect of dispersed MgO particles
within the PLA-HAp matrix. At optimum loading, MgO particles may act



E. Natarajan et al. Journal of Materials Research and Technology 44 (2026) 3695-3706

A TGA curves of PLA-HAp-MgO composites
100 4 —— PLA-HAp-MgO1
—— PLA-HAp-MgO03
—— PLA-HAp-MgO5
—— PLA-HAp-MgO7
80
60
S
E 40 1
©
=
20 1
0
_20 4
200 400 600 800 1000
Temperature (°C)
B DTG curves of PLA-HAp-MgO composites
—— PLA-HAp-MgO1
—— PLA-HAp-MgO3
25 —— PLA-HAp-MgO5
’ —— PLA-HAp-MgO7
2.0 4
o
3 1.51
(]
=
o
1.01
0.5
0.0
200 400 600 800 1000
Temperature (°C)
DSC curves of PLA-HAp-MgO composites
C —— PLA-HAp-MgO1
304 PLA-HAp-MgO3
PLA-HAp-MgO5
PLA-HAp-MgO7
25 4
20 4
=)
E
3
E 154
Q
v
o
10 A
5
04

200 400 600 800 1000
Temperature (°C)

Fig. 5. Thermal analysis of PLA-HAp-MgO composites with different MgO loadings: (A) TGA curves showing mass-loss behaviour, (B) DTG curves showing maximum
degradation-rate temperatures, and (C) DSC curves showing composition-dependent thermal events.
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Table 2
Summary from TGA analysis.

Composite Onset Primary High- DSC Residual
Temperature DTG temperature Peak(s) mass at
Tso, °C event DTG event °C °C ~997 °C
Tinax °C (%)
PLA-HAp- 273.6 313.0 486.2 314.3 2.86
MgO1
PLA-HAp- 271.2 487.5 310.8 106.7, 0.34
MgO3 283.3,
456.6
PLA-HAp- 178.7 309.2 466.1 282.5, Not
MgO5 550.1 reported*
PLA-HAp- 273.4 313.6 485.5 319.2 0.51
MgO7

Note: Tonser represents the temperature corresponding to 5% mass loss and is
used as the onset degradation indicator. DTG peaks were calculated from the
first derivative of the TGA mass-loss curves. The reported Tpqx values correspond
to temperatures at maximum mass-loss rate. Residual mass for PLA-HAp-MgO5
was not reported because the corresponding TGA curve showed a negative re-
sidual mass, indicating baseline correction artefact.
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Fig. 6. Stress-strain curves (A) Tensile (B) Flexural.

as rigid load-bearing sites, restrict local deformation of PLA chains, and
improve load sharing between the matrix and inorganic fillers through

Table 3
Tensile properties of PLA-HAp and PLA-HAp-MgO composites.
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physical filler-matrix contact [20,23,24]. Both UTS and modulus
declined at >3 wt% MgO due to particle agglomeration (Fig. 2E-Section
3.1), creating stress concentrators that promote early failure. The com-
bined SEM and FTIR observations suggest that the reinforcement is
mainly governed by filler dispersion, physical filler-matrix contact, and
microstructural constraint rather than confirmed chemical bonding.

Flexural properties followed similar trends, with 3 wt% MgO
increasing flexural strength by 54.5% (from 42.2 MPa to 65.2 MPa) and
modulus by 29.1% (from 2454 MPa to 3169 MPa), confirming trans-
verse load-bearing improvements from dual-filler reinforcement.

The improved flexural properties can be due to high stiffness and
bone like structure of HAp as well as the high elastic modulus of MgO
which enhanced rigidity and strength of the overall composite such that
it is more resistant to bending and deformation under load [25,26].
Recent MgO-loaded PLA-based literature have also demonstrated that
MgO can influence functional performance, structural evolution, and
reactive blending behaviour in PLA-based systems [27,28].

3.5.1. SEM graphs of fractured samples

Fig. 7 shows the fractured surface morphologies. Neat PLA-HAp
(Fig. 7A) displayed a smooth fracture surface with loosely bound HAp
particles, characteristic of weak matrix-filler adhesion and brittle
failure.

In contrast, the fractured PLA-HAp-MgO composites exhibited
ductile fracture across 1 to 5 wt% loadings (Fig. 6B-D), evidenced by
plastic deformation zones and less distinct cleavage planes. This in-
dicates that addition of MgO particles helped to distribute load more
effectively to prevent crack formation and led to higher energy dissi-
pation at fracture surfaces to create a tough composite. The fracture-
surface features suggest improved energy dissipation and load sharing
in the low-to-moderate MgO composites, particularly at 3 wt% MgO
(Table 3). This is most likely due to better filler dispersion and physical
interaction between the PLA matrix and inorganic fillers. On the other
hand, at higher MgO concentration (i.e.,7 wt%), the agglomeration of
MgO particles would have disrupted matrix structure, It led to brittle
dominated fracture mechanism, as demonstrated by the large cracks and
fracture lines in the SEM images.

3.6. Numerical simulation of tensile behaviour

Maximum von Mises stress (o) at failure was extracted for validation
against the ultimate strength of the material (S,;) within deviation <5%.

Table 4
Flexural properties of PLA-HAp and PLA-HAp-MgO composites.

Flexural stress Flexural Modulus Flexural strain

(MPa) (MPa) (%)

PLA-HAp 42.20 £+ 2.01 2454.45 + 48.13 1.95 + 0.08

PLA-HAp- 46.35 + 1.92 2619.45 + 57.65 2.00 + 0.09
MgO1

PLA-HAp- 65.19 + 2.32 3168.87 + 59.74 2.07 £ 0.11
MgO3

PLA-HAp- 47.57 £ 1.74 2331.69 + 49.59 2.05 + 0.10
MgO5

PLA-HAp- 30.94 +1.87 2489.86 + 50.37 1.44 £+ 0.08
MgO7

Ultimate tensile strength (MPa)

Young's Modulus (MPa)

Yield strength at 0.2% offset (MPa) Tensile strain (%)

PLA-HAp 33.21 £+ 1.78 3225.91 + 50.41
PLA-HAp-MgO1 38.07 &+ 2.01 4077.55 £ 62.18
PLA-HAp-MgO3 51.36 + 2.84 4046.93 + 58.72
PLA-HAp-MgO5 35.48 + 1.64 2935.46 + 47.95
PLA-HAp-MgO7 28.00 + 1.67 2709.60 + 54.91

27.80 £ 1.87 1.51 £+ 0.08
32.78 £ 1.94 1.32 £+ 0.07
50.62 + 2.18 1.54 £0.11
28.99 + 2.05 1.82 £0.13
24.14 + 2.01 1.51 +£0.09
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For PLA-HAp composite, the experimental tensile strength was 36.7 MPa
while simulation closely reproduced the maximum stress as 38.1 MPa
(3.8% deviation). For composites with 1 wt% MgO, experimental and
simulated stresses were 41.5 MPa and 40.0 MPa, respectively (4.1%
deviation).

From Fig. 8, the maximum von Mises equivalent stress (¢) in the
gauge section of 3 wt% MgO was 53.4 MPa in the fillet-gauge transition
(hotspot in the stress contour), closely matching experimental strength
(55.7 MPa, 4.1% deviation). This close agreement across all composi-
tions (see Table 5) confirms that experimentally derived elastic prop-
erties reliably predict macroscopic stress-strain behaviour under
uniaxial loading. It should be noted that the experimental tensile
strengths used for FEA validation in Table 5 correspond to representa-
tive specimens selected for numerical modelling, whereas Table 3 re-
ports the mean =+ standard deviation obtained from three specimens.

3.7. Phase-field simulation of crack initiation and propagation

Phase-field fracture simulations extended the validated FEA frame-
work (Section 3.4) to predict crack initiation and propagation in PLA-
HAp-MgO composites without predefined crack paths. The phase-field

mm

mm
20 50

Table 5
Comparison between experimental and numerically simulated maximum tensile
stresses of PLA-HAp-MgO composites under uniaxial loading.

Composite Tensile Strength (MPa) Variance (%)
Experimental COMSOL Simulation

PLA-HAp 36.7 38.1 3.81%

PLA-HAp-MgO1 41.5 40 3.61%

PLA-HAp-MgO3 55.7 53.4 4.13%

PLA-HAp-MgO5 38.8 38.1 1.80%

PLA-HAp-MgO7 31.1 30.5 1.93%

order parameter d (0 = undamaged, 1 = fully broken) evolved accord-
ing to local tensile strain energy via the AT2 model, using composition-

specific G, (fracture energy) calibrated from experimental gﬁi ratios and
length scale [ = 0.5 mm. The phase-field length-scale parameter (I = 0.5)
mm was selected as a numerical regularisation parameter to obtain a
stable diffuse crack representation while maintaining damage local-
isation within the gauge section of the tensile specimen. This value is
consistent with length-scale values reported in previous phase-field

MPa
A 534

100

y

L.

vs5.8

Fig. 8. Von Mises stress distribution of PLA-HAp-MgO3 composite under uniaxial tensile loading.
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fracture studies. Hirshikesh et al. [29] used a comparable length-scale
value of (I = 0.524) mm for phase-field modelling of crack propaga-
tion. In the phase-field formulation, (I) controls the width of the diffused
damage zone. Smaller values produce sharper and more localised cracks
but require finer meshes, whereas larger values result in wider damage
bands and smoother crack propagation. Egger et al. [30] conducted a
systematic length-scale and mesh-sensitivity analyses with 0.25, 0.5, 2,
and 4 mm to assess their influence on fracture response. In the present
study, the phase-field results are interpreted qualitatively to compare
relative crack-initiation and propagation behaviour among composi-
tions rather than as fully quantitative fracture predictions.

Fig. 9 shows the phase-field damage contours for PLA-HAp-MgO3
composite (3 wt% MgO) under uniaxial tensile loading. In elastic
stage, the damage field is essentially zero (dark blue) everywhere,
meaning the specimen is deforming elastically with no microcrack for-
mation. Strain energy is building but remains below the critical
threshold. During crack initiation stage, a small damage zone (green-
yellow) appears in the gauge region near the fillet, where stress/strain
energy is highest. This marks the onset of microcracking and stiffness
locally begins to degrade but the rest of the specimen is still intact. In
final fracture stage, the damage variable d reaches values close to 1 (red)
in a narrow band across the gauge, indicating a fully developed crack
that has effectively severed the cross-section. The surrounding blue re-
gion shows that failure is highly localised rather than diffuse. Fig. 10
depicts crack initiation and final fracture contours of all compositions.
The phase-field simulations indicate that crack nucleation occurred
consistently within the gauge section of the tensile specimen, corre-
sponding to regions of maximum strain energy concentration.

For the PLA-HAp composite, damage initiation occurred at relatively
low strain, reflecting limited strain energy storage or low toughness and
predominantly brittle fracture response. MgO reinforcement progres-
sively delayed onset, for instance 1 wt% showed stable, confined prop-
agation, whereas 3 wt% further delayed initiation but exhibited abrupt
localisation post-threshold, driving brittle failure despite peak strength
(Fig. 9 bottom row). The rapid transition from elastic deformation to
crack formation indicates that increased stiffness at this filler concen-
tration promotes brittle-dominant fracture behaviour, despite delayed
crack initiation. Higher loadings reversed this trend, for instance 5 wt%

Elastic Crack Final
stage initiation fracture

Fig. 9. Phase-field damage contours for crack evolution in PLA-HAp-MgO3
composite under uniaxial tensile loading: (a) elastic stage with no damage,
(b) crack initiation at the gauge section, and (c) final fracture characterized by
abrupt damage localisation and crack propagation.
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Fig. 10. Phase-field damage contours of crack initiation (top row) and final
fracture (bottom row) in PLA-HAp-MgO composites under uniaxial ten-
sile loading.

and 7 wt% MgO initiated cracks at elevated strains with gradual, diffuse
propagation (smoother d-gradients), indicating enhanced energy stor-
age and fracture stability despite lower strength. This matches SEM
fracture morphology (Fig. 7), where ductile features is evidenced at low-
mid MgO, and brittle cracks at extremes. The fracture patterns shown
from the phase-field simulations were consistent with experimental
findings of tensile behaviour and morphologies of fracture surface. Since
direct experimental crack-path tracking and fracture-energy measure-
ments were not performed, the phase-field simulations are interpreted
qualitatively to compare relative crack initiation and propagation
behaviour among compositions, rather than as a fully quantitative
fracture validation.

It should be noted that the SEM observations and phase-field simu-
lations describe different aspects of the fracture process. SEM images
represent the final fracture surface and reveal local plastic deformation
and energy dissipation, which are characteristic of ductile fracture fea-
tures. In contrast, the phase-field model captures the evolution of crack
initiation and propagation. For the PLA-HAp-MgO3 composite,
improved stiffness and physical load sharing between the PLA matrix
and dispersed inorganic fillers delayed crack initiation. However, once
the critical strain-energy threshold was reached, damage rapidly local-
ised within the gauge section, leading to abrupt crack propagation.
Consequently, the composite exhibited ductile-like fracture features in
SEM while still demonstrating brittle-dominant crack evolution in the
phase-field simulations. In outset, the increase in MgO content delayed
crack initiation and promoted more stable crack propagation, however,
the PLA-HAp-MgO3 composite exhibited localized damage which in-
dicates brittle-dominant fracture behaviour. These results suggests that
MgO concentration in the composites play an important role in gov-
erning the balance between stiffness improvement and fracture stability.

3.8. Discussion

The experimental results demonstrate that the incorporation of dual
HAp and MgO fillers significantly improves the mechanical, thermal,
and fracture response of PLA composites. Among the investigated
compositions, PLA-HAp-MgO3 shows increases of approximately 82% in
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yield strength, 55% in ultimate tensile strength, and 54% in flexural
strength compared with PLA-HAp. This improvement can be attributed
to the combined effects of rigid-filler reinforcement, effective filler
dispersion, physical filler-matrix contact, and restricted PLA chain
mobility. Similar reinforcement effects have been reported for PLA/
MgO-based systems, where MgO improved stiffness, strength, crystalli-
zation behaviour, and thermal response through filler-induced micro-
structural modification [13-16,20]. SEM morphology showed that
low-to-moderate MgO contents produced relatively continuous sur-
faces with less obvious filler clustering, supporting improved load
sharing between the PLA matrix and inorganic fillers. In contrast,
excessive MgO loading, particularly at 7 wt%, promoted particle
agglomeration, which created local stress-concentration sites and
reduced the effective load-bearing capacity of the composite. This agrees
with previous studies showing that nanoparticle agglomeration can
reduce the reinforcing efficiency of PLA-based composites despite the
high intrinsic stiffness of the filler phase [20,23,24].

The FTIR and XRD results provide important evidence for under-
standing the reinforcement mechanism. FTIR spectra showed the char-
acteristic absorption bands of PLA and HAp without the formation of
new bands or major peak shifts after MgO addition. Similar FTIR bands
associated with PLA ester groups and phosphate groups from HAp have
been reported in PLA- and HAp-containing composites [21,22,25].
Similarly, XRD patterns confirmed the retention of crystalline
MgO/periclase-related reflections in MgO reinforced composites. But
they did not show clear evidence of newly formed crystalline reaction
products. These findings indicate that the enhancement in properties is
not primarily caused by new chemical bonding or new crystalline re-
action phases. Instead, the improvement is more reasonably explained
by physical reinforcement, filler dispersion, physical filler-matrix con-
tact, microstructural constraint, and the presence of thermally stable
inorganic phases [13-16,20,23].

The thermal analysis further supports this interpretation. The DTG
results show that the PLA-HAp-MgO composites generally exhibited a
primary PLA degradation region at approximately 309-314 °C, with
additional high-temperature degradation events around 466-488 °C in
some compositions. PLA-HAp-MgO1 showed a main DTG peak at
313.0 °C, which agrees closely with its DSC peak at 314.3 °C, together
with a weaker secondary event at 486.2 °C. PLA-HAp-MgO5 and PLA-
HAp-MgO7 showed main DTG peaks at 309.2 °C and 313.6 °C, respec-
tively, with secondary high-temperature events at 466.1 °C and
485.5 °C. The DSC peak of PLA-HAp-MgO7 at 319.2 °C also corresponds
closely to its main DTG degradation region. The improved thermal
response can be associated with the barrier effect of inorganic HAp and
MgO phases, restricted polymer-chain mobility, and reduced mobility of
degradation products within the filled polymer matrix. Similar thermal-
stabilising effects have been reported in PLA-based composites con-
taining inorganic fillers and MgO-based reinforcements [13-16,20,23].

Notably, PLA-HAp-MgO3 exhibited a distinct thermal degradation
profile. Although a lower-temperature DTG event occurred at 310.8 °C,
the strongest DTG peak appeared at 487.5 °C. This pronounced high-
temperature DTG event, together with DSC events at 283.3 °C and
456.6 °C suggests improved resistance to rapid thermal degradation
compared with the other MgO-reinforced compositions. This behaviour
is consistent with the mechanical results, particularly 3 wt% MgO
composition exhibited the highest tensile strength, yield strength, and
flexural strength. Therefore, the combined thermal and mechanical
findings indicate that 3 wt% MgO provides the most favourable balance
between filler dispersion, physical filler-matrix contact, restricted PLA
chain mobility, and thermal resistance. However, the PLA-HAp-MgO5
TGA curve showed an unrealistic negative residual mass at high tem-
perature, indicating a baseline correction artefact. Therefore, its residual
mass was not used for quantitative interpretation, although its DTG peak
positions were still considered for identifying degradation events.

The numerical simulations further clarify the relationship between
mechanical strengthening and fracture behaviour. The elastic finite
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element model reproduced the experimental tensile response with de-
viations below 5%, confirming that experimentally determined elastic
properties can reliably predict the macroscopic stress response of the
composites. The phase-field simulations provided additional insight into
crack initiation and propagation, which cannot be fully captured from
mechanical testing alone. The PLA-HAp-MgO3 composite delayed crack
initiation due to improved stiffness and physical load sharing between
the PLA matrix and dispersed inorganic fillers. However, once the crit-
ical strain-energy threshold was reached, damage rapidly localised
within the gauge section, indicating brittle-dominant crack evolution
despite the superior strength of this composition. In contrast, higher
MgO loadings of 5-7 wt% promoted more diffuse crack propagation,
suggesting improved fracture stability but lower strength due to
agglomeration-induced weakening. This interpretation is consistent
with the experimental SEM fracture morphology and with previous
studies showing that filler dispersion strongly influences crack initia-
tion, stress concentration, and fracture stability in PLA-based compos-
ites [20,23-25,31,32].

Overall, the results reveal a clear composition-dependent, stiffness-
fracture stability trade-off. At 3 wt% MgO, filler dispersion and physical
reinforcement are sufficient to maximise strength, stiffness, and thermal
resistance, but the increased stiffness also promotes localised fracture
once damage initiates. At higher MgO contents, agglomeration reduces
strength and load-bearing efficiency, although crack propagation be-
comes more gradual. Therefore, the optimum composite design is not
governed by MgO content alone, but by the balance between filler
dispersion, rigid-particle reinforcement, thermal barrier effects, and
crack-growth stability.

Fig. 11 presents the Ashby chart comparison of elastic modulus and
tensile strength against density for the developed composites. Among all
compositions, the composite with 3 wt% MgO exhibited the best balance
of mechanical performance and lightweight characteristics, achieving a
tensile strength of 51.36 MPa and elastic modulus of 4046.93 MPa.
Compared with PLA-HAp, the addition of 3 wt% MgO increased tensile
strength and elastic modulus by approximately 55% and 25%, respec-
tively, while maintaining a low density within the polymer-composite
region of the Ashby chart. The position of the 3 wt% MgO composites
on the Ashby chart indicates an improved strength-to-weight ratio
compared with the other compositions, moving it closer to the lower
range of engineering polymer composites. This strength-to-weight bal-
ance suits biomedical implants, sustainable packaging, and lightweight
automotive components, where thermal stability Tpq. > 500°C adds
value. However, additional biological and degradation studies are
required before suitability for biomedical use can be confirmed.

4. Conclusion

This study investigated the mechanical, thermal, morphological, and
fracture behaviour of PLA-HAp-MgO composites using experimental
characterisation, finite element analysis, and phase-field fracture
simulation. The results showed that 3 wt% MgO provided the optimum
reinforcement level, increasing yield strength by approximately 82%,
ultimate tensile strength by 55%, and flexural strength by 54%
compared with PLA-HAp. The improvement was attributed mainly to
rigid-filler reinforcement, effective filler dispersion, physical filler-
matrix contact, restricted PLA chain mobility, and microstructural
constraint rather than the formation of new chemical bonding. FTIR
analysis showed no new absorption bands or major peak shifts after MgO
incorporation, while XRD confirmed the retention of crystalline MgO-
related phases without clear evidence of new crystalline reaction
products. These findings support the conclusion that MgO acts primarily
as a physically reinforcing and microstructurally modifying filler in the
PLA-HAp matrix. Thermal analysis using TGA/DTG/DSC further showed
that MgO addition modified the degradation behaviour of the compos-
ites. Most compositions exhibited a primary PLA degradation region at
approximately 309-314 °C, while the PLA-HAp-MgO3 composite
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Fig. 11. Experimental data representation on Ashby chart (A) Elastic Modulus and (B) strength with respect to density.

showed a significant high-temperature DTG peak at 487.5 °C, supported
by DSC curves at 283.3 °C and 456.6 °C. This indicates improved
resistance to rapid mass loss and confirms that 3 wt% MgO provides the
most favourable combined thermal and mechanical response. Finite
element simulations reproduced the experimental tensile response with
deviations below 5%, validating the reliability of the numerical model
for predicting macroscopic stress behaviour. Phase-field fracture simu-
lations revealed that PLA-HAp-MgO3 delayed crack initiation but
exhibited abrupt damage localisation after the critical strain-energy
threshold was reached. This indicates brittle-dominant crack evolution
despite its superior strength. In contrast, higher MgO loadings of 5-7 wt
% promoted more diffuse crack propagation and improved fracture
stability but showed reduced mechanical strength due to particle
agglomeration. Future work should evaluate biocompatibility, bioac-
tivity, biodegradation behaviour, antibacterial effects, and fatigue
resistance before considering clinical applications such as wound heal-
ing, orthopaedic implants, or dental devices.
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