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Abstract

Cold-cured poly(methyl methacrylate) is used for prosthetic, dental and repair components,
where the stiffness of the resin is adequate while notch sensitivity and low energy absorption
limit service. Hen eggshell is a waste generated in very large quantities and an attractive
particulate filler for such systems. Native eggshell mineral (ES), the same mineral calcined at
900 °C for 3 h (CES) and the separated membrane (ESM), all from one batch of shells, were
cast into a cold-cured acrylic at 5, 10 and 15 wt% mineral and 1, 2.5 and 5 wt% membrane.
Calcination converted calcite to CaO that partly rehydrated to portlandite and lowered the
indentation modulus of the filler-associated regions from 33.0 to 8.3 GPa and raised the
apparent porosity of the 15 wt% composite from 1.3 to 7.3%. Every filled formulation was
stiffer in tension than the matrix, by 19—-67%, and at 15 wt% the calcined composites were
stiffer than the native ones despite their more compliant filler and higher porosity. Tensile
strength stayed within 1.01-1.29 times the Nicolais—Narkis prediction for non-adhering
inclusions. Flexural strength fell to 39-55% of the reference, while compressive yield stress
was retained.

Keywords Eggshell, Calcination, PMMA matrix, Particulate composite Nanoindentation
Porosity

1. Introduction

Waste management of food-processing residues is a persistent environmental problem and hen
eggshell is one of its largest single contributors. Several million tonnes of eggshell are
discarded annually [1], most of it to landfill, where the adhering organic matter makes disposal
costly [2]. About 94 % of the shell is calcium carbonate in the calcite form, the remainder being
magnesium carbonate, calcium phosphate and an organic fraction [3]. The waste is therefore a
widely available and almost free source of mineral filler [1, 4], and it has been examined as a
catalyst support, as a precursor for hydroxyapatite and bone cements, as a partial replacement
for cement and as a particulate filler in polymers [5, 6].

In polymer systems, eggshell powder has been incorporated into polypropylene [7],
polyethylene [8], poly(vinyl chloride) [9], poly(lactic acid) [10], poly(vinyl alcohol) [11],



polycaprolactone [12], natural and nitrile rubbers [13, 14], epoxy [12, 15] and unsaturated
polyester matrices [16]. Across these systems the elastic modulus commonly increases at low
to moderate loading as Owuamanam and Cree have observed [2, 10]. Strength and ductility
follow a far less consistent trajectory and frequently deteriorate once a critical content is
exceeded. Agglomeration, incomplete wetting and weak adhesion between the mineral surface
and a comparatively hydrophobic polymer are the explanations usually offered [2, 9, 13]. The
same divergence is visible in the reported optimum filler contents, which range from below 5
wt% to above 30 wt% depending on the matrix, on particle size and on the processing
technology [10, 17-21].

Particulate-composite theory describes this behaviour well. Elastic stiffness is governed mainly
by the volume fraction, geometry and modulus contrast of the inclusions and is comparatively
insensitive to the quality of the interface [22, 23]. Ultimate strength depends directly on
whether stress can be transferred across that interface [24-27]. In the limiting case of zero
adhesion, the particles behave as voids, a situation described by the Nicolais-Narkis expression
[28, 29]. A rigid mineral inclusion can therefore raise the modulus of a polymer while lowering
its strength, and the two observations are perfectly compatible.

Cold-cured poly(methyl methacrylate) (PMMA) is a relevant host for such fillers because it
polymerizes at ambient temperature within minutes and is cast in place for prosthetic, orthotic,
dental and repair components [30, 31]. The filler therefore enters a fast, low-viscosity process
in which moisture, surface chemistry and entrapped air are never removed by a later step. In
service the cured resin is limited by notch sensitivity and low energy absorption, while its
stiffness is usually adequate. Eggshell powder, raw or burned, has already been shown to
modify the strength and stiffness of self-curing acrylics [30, 32]. Those studies varied
concentration and burn state only. The present work adds the membrane as a co-filler, a defined
calcination with identification of the resulting phases, nanomechanics of the filler-associated
regions and the effect of the calcined filler on the porosity of the cast part.

Calcination provides a controlled way to alter the filler itself. At about 900 °C, CaCOs3
decomposes to CaO, while subsequent exposure to moisture can produce Ca(OH); (portlandite)
[5, 6]. The product differs from native calcite in phase composition, morphology, porosity and
moisture sensitivity, and in a cast-in-place resin a reactive, hygroscopic filler also raises the
question of how it affects the product. The eggshell membrane provides a second, chemically
distinct fraction, as it is a protein-rich fibrous network that is normally discarded during shell
processing [3] and has been shown to remain mechanically active after separation and grinding
[33, 34]. The two fractions therefore offer a stiff mineral and a compliant organic filler from
the same waste stream without an external synthetic coupling agent.

This study investigates three eggshell-derived fillers obtained from a single batch of hen
eggshells: native mineral powder (ES), mineral powder calcined at 900 °C for 3 h (CES), and
separated, untreated eggshell membrane (ESM). ES and CES were incorporated at 5, 10 and
15 wt%, while ESM was added at 1, 2.5 and 5 wt% to the formulations containing 15 wt%
mineral filler. The designation CESM refers to the combination of CES with untreated ESM.
XRD, SEM/EDS and nanoindentation were combined with tensile, flexural and compression
testing, density-based apparent porosity measurements and the Guth and Nicolais—Narkis
reference models. The questions addressed are whether the state of the eggshell-derived filler
controls bulk mechanics through changes in phase, morphology and local nanomechanics, and
whether the particles transfer meaningful stress across the interface and which preparation is
preferable.



2. Materials and Methods

2.1. Matrix

The polymer matrix used was Technovit 4004 (Kulzer GmbH, Hanau, Germany) [35], a two-
component cold-curing acrylic consisting of a PMMA powder with peroxide initiator and a
methyl methacrylate liquid with amine activator. These are called the PMMA powder and the
monomer liquid below, to distinguish them from the eggshell fillers. The PMMA powder-to-
monomer liquid mass ratio was fixed at 2:1 for all formulations, and polymerization was
complete about 4—6 min after mixing.

2.2. Preparation of the eggshell-derived fillers

Hen eggshells from one waste stream were washed, emptied of residual contents and rinsed
with distilled water. The inner membrane was manually separated from the mineral shell and
both fractions were washed separately and dried at room temperature for 48 h, so that neither
the calcite nor the protein was thermally modified. The dried mineral and membrane were
ground separately in a household electric grinder to visually homogeneous powders and were
not sieved. The native mineral was designated ES and the membrane ESM (as seen in Fig. 1).

Dried membrane ESM
Air-drying Eggshell membrane powder

I‘F
Calcination

M atooocc —>

ES CES
Eggshell powder Calcined eggshell powder

Separated materials
Eggshell and membrane

SHELL » @

Fig. 1 Preparation of the eggshell-derived powders: separation of the mineral shell and of the
membrane, washing, drying and grinding to ES and ESM

Only the mineral eggshell powder (ES) was calcined. It was placed in a cold laboratory furnace,
heated to 900 °C and maintained at this temperature for 3 h. The resulting powder was
designated CES. The separated eggshell membrane (ESM) was not subjected to calcination.
The designation CESM refers to the combination of calcined mineral powder (CES) with
untreated membrane (ESM), rather than to a separately calcined membrane powder. SEM and
XRD analyses focused on ES and CES to assess the morphological and phase changes induced
by calcination; the CES-ESM combination was not characterized separately by these
techniques.

2.3. Composite preparation

The fillers were weighed for each formulation and mixed mechanically with the PMMA
powder and the liquid monomer, and the mixture was placed on a vibration table while casting
to release entrapped air. All filler contents are weight percentages of the total cured composite
mass, that is, of PMMA powder, monomer liquid and filler. The thirteen formulations are given
in Table 1 and the steps are presented in Fig. 2.
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Fig. 2 Mixing sequence of Technovit 4004 with the eggshell-derived fillers (ES, CES, ESM and
CESM). Mould casting, demoulding, mechanical finishing and the final composite specimens

Add Technovit 4004
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Demold the test specimens

Weigh Component A (powder),
mix it with ES and ESM, then add
Component B (liquid) and
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Pour the homogeneous mixture into
the selected molds and allow the
material to cure.

Obtain dog-bone and cylindrical specimens for
subsequent testing.

Table 1 Designation and composition of the investigated formulations

Designation Mineral Mineral | Mineral | Membran | Total filler
filler wWt%) | (vol%)* | e (wt%) (vol%)?
REF - none 0 0 0 0
Resin
ESS ES (native) 5 2.2 0 2.2
ES10 ES (native) 10 4.6 0 4.6
ES15 ES (native) 15 7.1 0 7.1
ES15/M1 ES (native) 15 7.1 1 8.1
ES15/M2.5 | ES (native) 15 7.2 2.5 9.6
ES15/M5 ES (native) 15 7.2 5 12.2
CES5 CES 5 1.8 0 1.8
(900°C)
CES10 CES 10 3.8 0 3.8
(900°C)
CES15 CES 15 5.9 0 5.9
(900°C)
CES15/M1 CES 15 5.9 1 6.9
(900°C)
CES15/M2. CES 15 5.9 2.5 8.4
5 (900°C)
CES15/M5 CES 15 5.9 5 10.9
(900°C)

aVolume fractions were calculated from the mass fractions using densities of 1.18 g cm™ for the cured matrix, 2.71 g cm™ for
calcite, 3.35 g cm™ for calcium oxide and 1.30 g cm™ for the membrane.

At a matched mass fraction of 15 wt%, CES occupies 5.9 vol% against 7.1 vol% for ES,
because the calcined mineral is denser than calcite. The two mineral series are consequently
not iso-volumetric at equal mass fraction.

2.4. Structural and chemical characterisation

2.4.1. X-ray diffraction (XRD)

XRD was performed on ES, CES and ESM with a PANalytical X'Pert PRO diffractometer
using Cu Ko radiation (A = 1.540598 A) over a 20 range of ~ 5.01-79.99° with a 0.02° step.



Phases were identified against ICDD reference patterns for calcite (PDF 47-1743), CaO (PDF
37-1497) and Ca(OH), (PDF 44-1481). XRD and SEM analyses were performed on ES, CES
and untreated ESM to characterize the individual filler constituents. The CES-ESM
combination, designated CESM, was not examined separately, as its constituents were
characterized individually. Consequently, these analyses do not establish whether combining
CES with ESM produces additional morphological or phase changes.

2.4.2. Scanning electron microscopy (SEM)

SEM/EDS (done on a FEI Inspect S equipment at 15 kV and 10 mm working distance) was
used to examine powder morphology, elemental distributions, particle-matrix contact,
agglomeration and fracture surfaces. Specimens were gold coated before observation. Particle
dimensions were read from representative fields and are descriptive, since no particle-size
distribution was measured.

2.5. Nanoindentation

Instrumented nanoindentation was performed according to ISO 14577 on polished cross-
sections with an Anton Paar NHT STEP 500 nanoindenter and a Berkovich diamond indenter.
The specimens were loaded at 100 mN min™' to 5 mN, held for 20 s and unloaded at 50 mN
min'. Indentation hardness and indentation modulus were obtained using the Oliver—Pharr
method [36]. Five indents were made on each of five target formulations: unfilled resin and
filler-associated regions in ES, ESM, CES and CESM.

2.6. Mechanical testing

Mechanical tests were performed at 23 + 2 °C after at least 88 h of conditioning, so that post-
cure and moisture uptake had stabilised; the moisture taken up by CES in this period belongs
to the tested material state. The programme was nested: thirteen formulations were tested in
tension, nine in flexure and seven in compression, and every formulation of a reduced
campaign was also tested in all broader ones. All powders came from a single batch of shells,
which excluded batch-to-batch biological variation and fixed the filler quantity. Calcination
removes 44% of the carbonate mass as CO., and the hand-separated membrane was the scarcest
fraction, so the membrane levels were crossed only with 15 wt% mineral. Tension, the loading
state most sensitive to debonding, served as the screen over the full matrix. Flexure kept the
reference, the native loading and membrane series, CES15 and CES15/M2.5. Compression, the
test least sensitive to the interface, was concentrated on the reference and six 15 wt%
formulations, where the porosity contrast between the formulations was expected to be largest.

2.6.1. Tensile testing
Tensile properties were determined on a Zwick Z005 machine (with a 5 kN load cell) according
to ISO 527-1/-2 using type 1A specimens. The nominal geometry was 170 X 10 x 4 mm. Tensile
modulus was the 0.05-0.25% chord at 1 mm min™', followed by 5 mm min™* for strength and
strain was measured with an extensometer with 30 mm gauge length. Energy to fracture was
obtained with the trapezoidal rule to get the area under the stress—strain curve.
Tensile stress was referred to the measured initial cross-section of each specimen:

o = F/A,, (1)

where Ao =b-h

and the strain to its gauge length:

e = AL/ L @)



The tensile modulus was taken as the chord between the two conventional strain levels of ISO
527-1, using:

E=(0,— 0'1)/(52 —£1), (3)
&g, = 0.0005,
&, = 0.0025

2.6.2. Three-point bending
Three-point bending was performed according to ISO 178 on a Metrotec system with a 1 kN
load cell, 64 mm support span and 2 mm min' test speed. Specimens were 10 x 4 mm
nominally. Flexural modulus was obtained from the 0.05-0.25% chord using crosshead
displacement and is therefore used only for within-study comparison. Flexural strength, strain
at fracture and nominal absorbed energy were calculated from the recorded curves.

o= 3FL/(2bh? 4)

g = 6sh/L? 5)

where L is the support span, s is the deflection at mid-span and &r is the strain at fracture. With
the flexural modulus taken as the chord between the same two strain levels:

Er = (072 — 0r1) / (&r2 — €r1) (6)

The area under the nominal flexural stress—strain curve up to the fracture point, EA;,;, was
obtained by trapezoidal integration of the recorded data. Because the bending stress is not
uniform through the section, EA;,; is a nominal energy density used for comparison between
formulations, not a true volumetric fracture energy.

()

0; + 0i41
EA¢or = ZT * (Eiy1 — &)
i=1

2.6.3. Compression
Compression performance was evaluated according to ISO 604 on 12.5 mm diameter x 25 mm
cylinders at 5 mm min'. Compressive stress used the measured initial section and yield stress
was defined as the first local maximum. Compressive modulus was taken over 0.5-1.5%
nominal strain, and energy to yield was integrated from the stress—deformation curve. The
density cylinders were also used for apparent porosity determination.
Compressive stress and deformation were referred to the measured initial dimensions of each
cylinder:
oc = F /A (8)

& = Ah/hg ©)
2.6.4. Density and porosity
Bulk density was obtained from cylinder mass and measured volume. Theoretical density was
calculated from the rule of mixtures using the component densities listed in Table 1. Apparent
porosity was the density deficit relative to that theoretical value. Because CES contains reactive
CaO that partially hydrates, the result depends on the assumed component densities and is
therefore called apparent porosity.
The bulk density of each cylinder followed from its mass and its measured geometry:

p = 4m/(nd?h) (10)



where m is the specimen mass, d the diameter and h the height. The theoretical density followed
from the rule of mixtures:

1/pch = 2(wi/p;)) (11)

where w; and p; are the mass fraction and the density of component i. The porosity was
obtained from the deviation between the two:

P =(1-p/p;h)- 100 (12)
where P is expressed in percent.

2.6.5. Statistical analysis

Results are reported as mean + standard deviation. Three specimens per formulation were
planned for each test and the statistics use the conclusive tests only. Because the formulation
matrix is nested, a single three-factor analysis cannot be fitted. Two-factor ANOVA with type
IIT sums of squares was applied to the supported sub-designs: mineral state x mineral loading
without membrane (design A, tension), mineral state X membrane content at 15 wt% mineral
(design B, tension) and the reduced 2 x 2 designs at 0 and 2.5 wt% membrane for flexure (C)
and compression (D). Each campaign was also analysed by one-way ANOVA with Tukey—
Kramer post hoc testing; p < 0.05 was considered significant, partial n? is reported as effect
size, and the two-factor results are collected in Section 3.8. Claude (Anthropic) was used to
assist with language editing, with the preparation of the statistical analysis scripts (run in
Python with SciPy) and with checking the data processing; the authors reviewed and edited all
outputs and take full responsibility for the content.

3. Results and discussion

3.1. Filler morphology and elemental composition

SEM showed a clear morphology change after calcination (Fig. 3). Native ES consisted of
compact, irregular fragments, whereas CES was more fragmented, rough and granular, with
porous secondary aggregates. Calcination therefore breaks up the shell structure and re-
agglomerates the finer, rougher products. Representative projected dimensions in the analysed
fields were about 50 to 80 um for finer fragments and 300 to 480 um for larger fragments in
ES and 190-310 um for CES aggregates. ESM retained a distinct fibrous, sheet-like
architecture.
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Fig. 3 Comparative SEM micrographs of the investigated powders: (a) native eggshell powder (ES),
(b) calcined eggshell powder (CES) and (c) dried and ground eggshell membrane (ESM)

EDS mapping (Fig. 4) distinguished the mineral and membrane fractions. ES showed
overlapping C, O and Ca distributions, CES showed a stronger relative Ca contribution and
reduced C signal, and ESM was dominated by C and O with sparse Ca-rich features. The
spectra are shown in Fig. 5 and the semi-quantitative compositions in Table 2.

Fig. 4 EDX elemental mapping of (a) ES, (b) CES and (c¢) ESM, showing the individual C, O and
Ca distributions and the combined map

For ES, pronounced C and O signals were observed together with a clear Ca peak, reflecting
the mineral-rich composition of the untreated eggshell powder. After calcination at 900°C, the



CES spectrum exhibited a more pronounced Ca signal relative to C, indicating a change in the
elemental composition of the analyzed region following thermal treatment. In contrast, the
ESM spectrum was dominated by C and O, while the Ca signal was considerably less
pronounced, consistent with the predominantly organic nature of the eggshell membrane.
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Fig. 5 EDX spectra of (a) ES, (b) CES and (c) ESM. Only the spectra are displayed for visual
comparison; the quantitative results are discussed in the text

90 100

Because EDS is local and semi-quantitative, the values in Table 2 are read as trends. The carbon
measured on ES (24.0 wt%, against 12.0 wt% for stoichiometric calcite) and on CES, in which
XRD detects no calcite, includes adventitious carbon and a contribution of the carbon support,
and the Ca content of CES (43.8 wt%) lies below that of CaO (71.5 wt%) and Ca(OH)> (54.1
wt%). Phase conversion is therefore established from XRD.

Table 2 Elemental composition of ES, CES and ESM determined by EDX analysis

Sample | C (Wt%) | O (Wt%) | Ca (Wt%)
ES 23.96 45.59 30.46
CES 18.76 37.44 43.80
ESM | 55.15 41.54 3.31

3.2. Phase composition

XRD patterns are shown in Fig. 6. ES and ESM contained calcite as the dominant crystalline
phase, the membrane retaining some residual mineral after separation. In CES the calcite
reflections disappeared and new reflections of CaO and Ca(OH), appeared. Calcination thus
decomposed the carbonate, and the oxide partially rehydrated to portlandite during cooling,
handling and storage:
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Fig. 6 X-ray diffraction patterns of (a) ESM, (b) ES and (c) CES, with indexed reflections and
phase labels

The diffraction patterns of both ESM and ES exhibited the characteristic reflections of calcite
(CaCQ0:s), indicating that calcium carbonate remained the dominant crystalline phase in the
untreated eggshell-derived materials. The ES pattern showed sharp and intense diffraction
peaks, confirming the highly crystalline nature of the native eggshell mineral fraction.
Although ESM is primarily an organic material, the diffraction pattern revealed the presence
of the same calcite phase, indicating that residual mineral constituents remained associated
with the membrane after separation and processing.

A substantial phase transformation occurred after calcination at 900°C. The diffraction pattern
of CES differed markedly from those of ESM and ES, with the disappearance of the
characteristic calcite reflections and the appearance of new peaks associated with calcium
oxide (CaO) and calcium hydroxide (Ca(OH):). These results confirm the decomposition of
calcium carbonate during thermal treatment according to:

CaC0; - Ca0 + CO, (13)

The presence of CaO demonstrates successful calcination of the eggshell powder and
conversion of the original carbonate-rich mineral phase into a reactive oxide phase. In addition
to CaO, reflections attributable to portlandite, Ca(OH)., were observed. The appearance of this
phase indicates partial hydration of calcium oxide after calcination. This behaviour is expected
because CaO is highly hygroscopic and readily reacts with atmospheric moisture during
cooling, handling and storage according to:

Ca0 + H,0 - Ca(OH), (14)

The diffraction peaks of portlandite confirm that hydration occurred after thermal treatment.
These phase transformations are particularly important for understanding the subsequent
microstructural and mechanical behaviour of the composites. While ESM and ES contain
calcite as the dominant crystalline constituent, calcination generates a fundamentally different
mineral system characterized by the presence of CaO and its hydration products.
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3.3. Composite microstructure and fracture behaviour

SEM micrographs were used to assess mineral incorporation into the matrix, particle—
matrix contact and possible agglomeration, focusing on morphology relevant to load transfer
and mechanical behaviour rather than membrane identification. All images were acquired at
5000x with a 20 um scale bar and are shown in Fig. 7 (ES) and Fig. 8 (CES). The approximately
25 um-wide field is small relative to the particles, so the images reveal local contact conditions
rather than overall filler distribution.
ES15, the reference for the untreated-eggshell series, shows large, compact mineral fragments
with distinct boundaries and heterogeneous surface relief. Matrix contact is visible, although
the compact surfaces provide limited opportunities for mechanical anchoring.
With 1% membrane, ES15/M1 shows greater surface continuity and less distinct boundaries
between compact regions. No extensive particle-matrix gaps are visible in the examined field,
suggesting close contact between components.
At 2.5% membrane, ES15/M2.5 displays compact regions alongside rougher, lamellar areas,
with extensive but irregular contact. The greater heterogeneity compared with ES15/M1 sug-
gests changes in particle incorporation rather than a simple increase in structural uniformity.

% Good adhesion ’\“ o

i
;
r

c)ES15%/M2.5 d)ES15/M5

Fig. 7 SEM micrographs of the composites containing 15 wt% untreated eggshell: ES15, ES15/M1,
ES15/M2.5 and ES15/M5

For ES15/M5, the microstructure becomes visibly denser and more layered, with numerous

overlapping lamellar features and locally agglomerated regions. Local contact between the
components is still present, but the distribution is less uniform.
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Fig. 8 SEM micrographs of the composites containing 15 wt% calcined eggshell: CES15, CES15/M1,
CES15/M2.5 and CES15/M5

CES15 shows the morphological effect of calcination: compared with ES15, the min-
eral phase contains smaller, more angular fragments with rougher surfaces, providing more
edges and irregularities for matrix contact.

In CES15/M1, fine particles surround continuous matrix regions, with close contact and no
large, continuous interfacial gaps in the observed field. CES15/M2.5 shows numerous frag-
ments of different sizes embedded in a continuous structure, creating an extensive, irregular
particle-matrix interface.

This close contact does not correspond to a measurable improvement in mechanical perfor-
mance. CES15/M2.5 reaches tensile and flexural strengths of 28.2 and 38.7 MPa, respectively,
indistinguishable from CES15 within the measured scatter. Its compressive yield stress of
106.6 MPa also falls within the range of the other formulations. Together with the Nicolais—
Narkis comparison in Section 3.10, these results indicate that the observed embedding does not
establish effective interfacial stress transfer.

In CES15/M35, substantial particle-matrix contact remains, but dense particle accumu-
lations alternate with more continuous regions. This less uniform arrangement may produce
local differences in stiffness.

Overall, ES15 retains larger, compact mineral regions, whereas CES15 contains smaller,
rougher fragments and aggregates. Membrane addition modifies their local arrangement, with
greater heterogeneity at the highest content. SEM reveals contact, fragmentation, roughness,
voids and agglomeration, but does not establish chemical bonding or adhesion; the interpreta-
tion therefore rests on observable morphology.

SEM analysis of tensile fracture surfaces (Fig. 9) compares REF with the ES15 and CES15
series at 0, 1, 2.5 and 5% membrane to assess changes in fracture behaviour. The analysis
considers surface roughness, crack paths, agglomeration, pores, particle detachment and the
appearance of the particle—matrix interface.

12



Fig. 9 SEM morphology of the fracture surface of the unfilled reference

REF exhibits a rough fracture surface with ridges, steps and branching fracture lines (Fig. 9).
The tortuous crack path suggests predominantly brittle fracture with localized matrix defor-
mation, without evidence of extensive plasticity. As no filler is present, isolated cavities are
attributed to pores or trapped air rather than particle pull-out. These defects may concentrate
stress and initiate cracks, which subsequently propagate through locally weaker regions of the
matrix.

Adding 15% untreated eggshell powder produces a more heterogeneous fracture surface (Fig.
10). Particles obstruct and deflect cracks, promoting propagation through the matrix, along
interfaces or around particles. In ES15 without membrane, particle-rich regions and distinct
particle-matrix boundaries are visible. Relatively clean, particle-shaped cavities are consistent
with local debonding and pull-out, whereas matrix remnants on particles suggest stronger local
anchoring. Fracture remains predominantly brittle, with mixed propagation paths involving
fragmentation, interfacial separation, crack deflection and branching.

particle pull-out

crack -
deflection >

a) ES15%

©) ES15/M2.5 d) ES15/M5

Fig. 10 SEM fracture surfaces of the ES15 series: (a) without membrane, (b) 1 wt%, (c) 2.5 wt%
and (d) 5 wt% membrane
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The CES15 series exhibits rough, granular particle-rich regions that may promote mechanical
interlocking and increase crack-path tortuosity. In CES15 without membrane, cracks change
direction near the treated particles. Interfacial gaps suggest local debonding, whereas attached
matrix fragments indicate a local cohesive fracture component. Fracture remains mixed and
predominantly brittle, with crack deflection and branching influenced by particle geometry and
roughness.

At 1% membrane, dispersed powder-rich regions disrupt crack propagation. At 2.5%, large,
internally rough agglomerates appear in the selected fracture fields, unlike the polished section
in Fig. 8. This difference highlights local variability and prevents ranking agglomeration from
individual fields. Agglomerates may deflect or obstruct cracks, but abrupt stiffness changes
and uneven bonding at their boundaries may also favour crack initiation, debonding and inter-
facial propagation. Both formulations therefore retain predominantly brittle fracture, with ad-
ditional mechanisms of crack deflection, particle pull-out and branching.
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¢) CES15/M2.5 d) CES15/MS

Fig. 11 SEM fracture surfaces of the CES15 series: (a) without membrane, (b) 1 wt%, (c) 2.5 wt%
and (d) 5 wt% membrane

At 5% membrane, agglomerates remain present but are separated by larger matrix regions. The
crack therefore propagates through a succession of filler-rich and filler-poor regions. This
heterogeneity may cause both crack deflection and local stress concentrations. Compared with
the ES15 series, the CES15 particles are morphologically more distinct and rougher, but the
potential advantage of mechanical interlocking may be reduced when agglomeration or
interfacial voids predominate. At 5% membrane, the mechanism remains mixed and
predominantly brittle; the alternation between filler-rich zones and matrix regions produces a
discontinuous and irregular crack path. Excessive agglomeration may reduce the benefit of
mechanical interlocking because it introduces heterogeneities and local stress concentrators.

Comparison of the images shows a transition from predominantly brittle matrix fracture in REF
to a mixed mechanism in the composites. The powder introduces interfaces that can locally
arrest or deflect the crack but also defects that may become crack-initiation sites. A cavity with
an outline similar to that of a particle is consistent with particle pull-out, whereas a gap at the
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particle-matrix boundary indicates debonding. Pores or air bubbles generally have a more
rounded geometry and should not automatically be confused with pull-out voids. Both pores
and interfacial voids can concentrate stresses and shorten the distance required for microcrack
coalescence. In comparative terms, the three systems can be described as follows: REF -
predominantly brittle matrix fracture, with cohesive propagation and local branching; ES15 -
mixed, predominantly brittle fracture, controlled by the matrix and the particle-matrix
interface, with debonding and particle pull-out in certain regions; CESI5 - mixed,
predominantly brittle fracture, but with more pronounced crack deflection around rough
particles and agglomerates as a consequence of the topography induced by thermal treatment.

Overall, the SEM morphology indicates that the fracture mechanism is simultaneously
controlled by matrix cohesion, particle-matrix adhesion, degree of agglomeration, and the
presence of pores/voids. The effect of the membrane depends on its concentration: small
amounts may favourably modify the crack path and local contact, whereas higher levels may
increase heterogeneity and agglomeration. Thermal treatment makes the particles rougher and
more morphologically distinct, but interfacial performance must be evaluated together with
particle distribution and the observed defect density. From the perspective of crack initiation,
pores and air bubbles represent important pre-existing defects: at their edges, the load-bearing
cross-section is reduced, local stress increases, and a microcrack may form. Subsequently, this
microcrack may propagate toward a particle-matrix interface, a pull-out void, or an
agglomerate. Overall, the images support predominantly brittle fracture for all three categories,
with a more evident mixed contribution in the ES15 and CES15 composites due to crack
deflection, branching, and interfacial mechanisms.

3.4. Local mechanical response

Five indentations were performed for each system (Resin, ES, ES+M, CES and CES+M), and
the reported values are averages. Measurements targeted microscopically identified reinforce-
ment-associated regions, using a maximum load selected to limit neighbouring-phase contri-
butions. Hardness (HIT) and indentation modulus (EIT) therefore characterize local nanome-
chanical behaviour rather than bulk composite properties. Representative load—displacement
curves are shown in Fig. 12.

The unfilled resin shows the most compliant response and greatest penetration depths, with
EIT =4.16 £ 0.76 GPa and HIT = 153 + 34 MPa. Native eggshell regions exhibit the stiffest
response, with EIT = 33.0 + 2.55 GPa and HIT = 1274 + 396 MPa (Table 3), approximately
eight times the matrix modulus. The hardness scatter indicates local heterogeneity. The resin
indentation modulus is about twice its tensile modulus (2.03 GPa, Table 4), potentially reflect-
ing creep during the hold, pile-up and differences in strain rate. Conversely, the modulus of
native filler-associated regions is below values generally reported for calcite and eggshell, sug-
gesting a contribution from the surrounding matrix.

Table 3 Indentation hardness and indentation modulus measured on filler-associated regions

Material Hir (MPa) | Eir (GPa)
Resin (unfilled matrix)* 153 +£34 4.16 £0.76
ES (native eggshell) 1274 £396 |33.0+2.55
ES+M (native + membrane) 1099 £134 |29.0+3.16
CES (calcined eggshell) 257+ 41 8.30+0.94
CES+M (calcined + membrane) 188 +32 |8.60+0.89

2The values for the unfilled resin were obtained on matrix regions of the reference specimen.
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Fig. 12 Representative nanoindentation load-displacement curves for (a) the resin and for the regions
associated with (b) ES, (c) ES+M, (d) CES and (e) CES+M

The ES+M system exhibited a mean indentation modulus of 29.0 + 3.16 GPa and hardness of
1099 + 134 MPa, both moderately lower than those of ES. Because indentation targeted rein-
forcement-associated regions, these differences reflect variations in the local micromechanical
environment rather than an established change in the intrinsic properties of the mineral phase.
Calcination was associated with a substantial reduction in the local nanomechanical response.
CES exhibited an indentation modulus of 8.30 + 0.94 GPa and hardness of 257 + 41 MPa,
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remaining above the matrix values but markedly below those of ES. The fragmented, rougher
and porous morphology observed by SEM is consistent with this reduction. The measured re-
sponse therefore likely reflects contributions from both mineral phase composition and the mi-
crostructural architecture developed during thermal treatment.

For CES+M, the indentation modulus remained comparable to CES at 8.6 + 0.9 GPa, whereas
the mean hardness decreased to 188 + 32 MPa. Membrane incorporation thus produced a larger
relative change in hardness than in modulus, suggesting that the calcined filler structure re-
mained the principal influence on local stiffness.

Overall, the measurements distinguish three levels of local stiffness: approximately 4 GPa for
the PMMA matrix, 8—9 GPa for calcined filler-associated regions and 29-33 GPa for native
filler-associated regions. Calcination was associated with the largest differences in local stiff-
ness and hardness, while the effects of membrane incorporation were comparatively modest.

3.5. Tensile behaviour
Tensile modulus and strength are listed in Table 4; representative curves are shown in Fig. 13,

the trends with mineral content in Fig. 14 and the energy to fracture in Fig. 15.

Table 4 Tensile modulus and strength of the thirteen investigated formulations

Formulation E (MPa) o (MPa)
REF 2027 £ 166 29.4+3.0
ES5 2450 + 146 293+ 1.1
ES10 2627 + 153 29.4+ 1.7
ES15 2646 + 121 30.0+ 1.7

ES15/M1 2414 + 126 229+1.7
ES15/M2.5 2700 + 98 243+1.3
ES15/M5 2814 + 233 23.8+0.7
CES5S 2423 + 131 31.8+1.6
CES10 2798 + 360 30.4+4.1
CES15 2934 £ 517 259+1.9
CESI15/M1 3003 £+ 50 272+5.0
CES15/M2.5 3025+ 317 282+24
CES15/M5 3375+ 338 24.7+3.2

Every filled formulation had a higher mean modulus than the reference (2027), by 19%
(ES15/M1) to 67% (CES15/M5, 3375). The native series rose from 2450 MPa at ESS5 to 2646
MPa at ES15 and the calcined series from 2423 to 2934 MPa, with large scatter at CES10 and
CESI15. Mean strength changed little in the native series (29.3-30.0 MPa against 29.4 MPa),
fell from 31.8 to 25.9 MPa across CES5—-CES15 and dropped to 22.9-24.3 MPa in the
membrane-bearing native formulations, so that 78—-108% of the reference strength was
retained. This divergence between stiffness and strength is the usual signature of a rigid filler
that stiffens the matrix while transmitting little tensile load across the interface [25, 37].

In statistical design A neither mineral loading (p = 0.690) nor mineral state (p = 0.688) affected
the modulus significantly. In statistical design B mineral state was the only significant factor
(F(1,12) = 15.87, p = 0.002, partial n?> = 0.569), with membrane content (p = 0.134) and the
interaction (p = 0.691) not significant. One-way analysis found an overall formulation effect
on modulus (F(10,18) = 2.60, p = 0.037), but only CES15/M5 differed from REF in Tukey
testing. For strength, no factor was significant in either design, and the one-way effect
(F(10,18) =2.92, p = 0.023) did not resolve into any significant pair.
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Fig. 13 Representative tensile stress-strain curves: (a) the ES series and (b) the CES series

At 15 wt% mineral the calcined composites were stiffer than the native ones at every membrane
level, by 288—589 MPa (2934 against 2646 MPa without membrane). They achieved this at a
lower filler volume fraction, yet calcination also changes morphology and porosity, so the
comparison does not isolate phase chemistry.

The closest literature comparison is the self-curing acrylic study of Mohammed [30], who used
eggshell powder before and after burning at 700 °C for 2 h. Between 1 and 7 wt%, tensile
strength rose there from 56.0 to 67.3 MPa for the untreated and from 59.0 to 72.0 MPa for the
burned powder, and the modulus from 2.23 to 3.27 GPa and from 2.83 to 4.27 GPa. Both
studies find the thermally treated powder stiffer, and they disagree on strength. Mohammed's
powders averaged 15 um before and 10 um after burning, and the strength gain was attributed
to the large interfacial area of such fine particles. The burning also gave 89% CaO by X-ray
fluorescence against complete conversion here. Particle size is therefore a likely variable
separating a strengthening eggshell filler from an extending one.
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Fig. 14 Tensile modulus and tensile strength against mineral content for the ES and CES series,
with error bars

The energy absorbed to fracture (Fig. 15) separated the formulations most sharply (F(10,18) =
6.68,p <0.001,n*=0.788). No formulation reached the reference value 0of 0.22 £0.01 MJ m™3,
with ES15 that absorbed 0.17 + 0.02, CES15 0.10 = 0.01 and CES15/M5 0.08 = 0.03 MJ m3,
the last being 39% of the reference, and ES15/M1, ES15/M2.5, ES15/M5, CES15 and
CES15/M5 differed significantly from REF.
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The ranking of the two minerals was not constant. CES absorbed as much energy as ES or more
at 5 and 10 wt% and at 1 and 2.5 wt% membrane, and less at 15 wt% and at 5 wt% membrane.
CES15/M5 combined the highest stiffness with reduced strength and the lowest energy, as
expected for a filler that rigidifies the matrix locally while adding crack-initiation sites.
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Fig. 15 Energy absorbed to fracture in tension for all formulations

3.6. Flexural behaviour

All flexural specimens fractured in a brittle manner before the end of the test (Fig. 16). Because
most fractures occurred below 3.5% strain, the ISO 178 flexural strength at break oa was used
for all formulations, including the reference, which broke at 4.20% (Table 5).

Bending was the most severely degraded loading state. Flexural strength fell from 87.1 MPa
for REF to 47.6, 43.0 and 40.4 MPa at ES5, ES10 and ES15, and the strain at fracture from
4.20 to 2.12%. CES15 had the same strength, 40.4 MPa, at the lowest fracture strain of the set
(1.91%), and the membrane levels on the native base spanned 33.7-41.8 MPa without trend.
Every filled formulation retained only 39-55% of the reference strength and was significantly
below it (F(8,18) =23.48, p <0.001,n?>=0.913).

Table 5 Flexural properties

Formulation | o;u (MP2a) | gm (%) | Ef (MPa) | EAwor (MJ m™)
REF 87.1£5.6 4.20+0.60 | 2605 £330 2.10+£0.37
ESS 476+12.8 | 3.07+0.39 | 1663 + 352 0.80 +0.31
ES10 43.0+3.7 245+0.39 | 2101 £166 0.59+0.14
ES15 404+ 6.6 2.12+£0.08 | 2238 +£449 0.47 £0.06
ES15/M1 33.7+0.7 226+0.28 | 1867 £323 0.43+0.05
ES15/M2.5 41.0+3.0 221+£0.06 | 2107 =118 0.49 £0.03
ES15/M5 41.8+4.5 2.54+0.26 | 1886 +£411 0.57+0.01
CES15 404+2.4 1.91+£0.08 | 2248 +£35 0.40 £ 0.04
CES15/M2.5 387+1.2 2.01+0.11 | 2116 £179 0.41+£0.03

The severity of the loss reflects the stress state. In three-point bending the maximum tensile
stress acts on the outer surface, where casting flash, near-surface voids and agglomerates are
sampled preferentially. The realised span-to-thickness ratio ranged from 15.3 to 19.9 against
the ISO target of 16 + 1. Because stress is calculated with the measured thickness of each
specimen, opv is not biased directly, and L/h did not differ between formulations (F(8,18) =
1.77, p = 0.149), although it probably adds scatter. All filled formulations also had a lower
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mean flexural modulus than REF (1663-2248 against 2605 MPa), opposite to the tensile trend.
This modulus effect was marginal (p = 0.049, only ESS5 below REF), so the tensile modulus

remains the principal stiffness metric.
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Fig. 16 Representative flexural stress—strain curves to fracture

Flexural energy absorption fell from 2.10 MJ m™ for REF to 0.80, 0.59 and 0.47 MJ m at
ES5, ES10 and ES15 and to 0.40-0.41 MJ m™3 for the calcined formulations, 19-22% of the
reference at 15 wt% (F(8,18) = 30.01, p < 0.001, n?> = 0.930). In statistical design C mineral
state was the only significant factor for the absorbed energy, which was lower for the calcined
composites (F(1,8) =9.09, p=0.017, partial n* = 0.532), while neither factor affected flexural
strength (p > 0.628). Membrane content produced no systematic recovery of energy absorption
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Fig. 17 Flexural properties by formulation, (a) Modulus, (b) Strength, (c) Absorbed Energy and (d)

3.7. Compression and porosity

Strain at break

Compression curves exhibited the expected rise to yield, plateau and densification stages and
the first local maximum was used as yield stress (Table 6).
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Table 6 Compressive yield stress and porosity determined on the cylindrical compression

specimens
Formulation Gyield (MPa) p(f;g 5?;62;))
REF 103.2 +£10.2 222+0.6
ES15 108.1 £3.6 1.28 +0.85
ES15/M1 111.2+14 2.97+0.67
ES15/M2.5 110.6 £ 1.6 2.77+0.6
ES15/M5 103.7 +3.7 3.94+£2.03
CES15 103.2 £ 8.7 7.28+0.7
CES15/M2.5 106.6 + 3.5 5.75+0.6

Compressive yield stress remained at 100—108% of REF for all tested formulations, and the
differences were not significant (F(6,12) = 1.39, p = 0.294). Group means of the compressive
modulus lay between 953 and 1413 MPa with large scatter, and the energy absorbed to yield

between 5.5 and 7.1 MJ m (Fig. 18).
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Fig. 18 Compressive properties: (a) compressive modulus, (b) stress at the yield point, at 20 %
deformation and at 50 % deformation and (c) energy absorbed up to the yield point

Compression is the only loading state in which the composites kept the performance of the
reference (representative curves in Fig. 19). Under compression a debonded interface opens no
crack, so a poorly bonded rigid particle still carries load, whereas in tension the same interface

becomes a crack-initiation point or area.
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Apparent porosity (Table 6 and Fig. 20) was the largest and most systematic difference between
the two formulations: REF gave 2.2%, the native formulations 1.3-3.9%, and CES15 and
CES15/M2.5 reached 7.3 + 0.7% and 5.7 + 0.6%. Formulation had a strong effect (F(6,13) =
12.38, p<0.001,m?>=0.851). CES15 was more porous than REF and every native formulation,
and CES15/M2.5 more porous than REF, ES15 and ES15/M2.5. In statistical design D, mineral
state gave the largest effect measured in this work (F(1,8) = 123.03, p < 0.001, partial n? =
0.939). The significant state x membrane interaction (p = 0.006) reflects opposite membrane
effects, which lowered the porosity of CES15 from 7.3 to 5.7% and raised that of ES15 from
1.3 to 2.8%.

The small within-group scatter shows a systematic effect, and together with the portlandite
found by XRD it points to a mechanism tied to the calcined filler. Three contributions are
possible. The theoretical density of the calcined formulations uses the density of CaO, whereas
part of the filler is less dense portlandite and for a fully hydrated filler the porosity of CES15
would fall from 7.3 to about 4.6%, still well above the native equivalent. The porous calcined
aggregates may also be incompletely infiltrated during the short working time. Finally, the
basic, hygroscopic surface of CES and the heat of its hydration may disturb the peroxide—amine
cure locally. Separating these requires the CaO/Ca(OH): ratio and sections through the calcined
aggregates. For a cast-in-place process, the calcined filler carries a porosity penalty that the
native powder avoids.
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Fig. 20 Apparent porosity of the seven-compression formulations determined from cylinder mass
and measured volume, with error bars
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3.8. Statistical summary
Table 7 collects the two-factor analyses cited in Sections 3.5-3.7, and Fig. 21 shows the tensile
modulus of all formulations. Mineral state produced the two largest effects, on apparent
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porosity in design D (partial n? = 0.939) and on tensile modulus in design B (partial n? = 0.569),
and it was also significant for flexural fracture energy in design C. No factor or interaction
reached significance for tensile strength, flexural strength or compressive yield stress.
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Fig. 21 Tensile modulus of all formulations

Table 7 Two-factor analyses of variance (type III sums of squares)

Design Response Factor df F p partial n?
A Tensile modulus Mineral state 1| 0.18 0.688 0.024
A Tensile modulus Mineral loading | 2 | 0.39 0.690 0.101
A Tensile modulus State x loading 2 | 0.08 0.928 0.021
A Tensile strength Mineral state 1| 0.02 0.900 0.002
A Tensile strength Mineral loading | 2 | 1.08 0.390 0.236
A Tensile strength State x loading 2| 1.71 0.248 0.329
B Tensile modulus Mineral state 1 | 15.87 | 0.002 0.569
B Tensile modulus Membrane content | 3 | 2.26 0.134 0.361
B Tensile modulus State X membrane | 3 | 0.50 0.691 0.111
B Tensile strength Mineral state 1 1.02 0.332 0.079
B Tensile strength Membrane content | 3 | 1.63 0.235 0.289
B Tensile strength State X membrane | 3 | 2.37 0.122 0.372
C Flexural strength Mineral state 1| 025 0.628 0.031
C Flexural strength Membrane content | 1 | 0.06 0.815 0.007
C Flexural strength State X membrane | 1 | 0.25 0.630 0.030
C Flexural modulus Mineral state 1 | 0.00 0.949 0.001
C Flexural modulus Membrane content | 1 | 0.83 0.389 0.094
C Fracture energy Mineral state 1| 9.09 0.017 0.532
C Fracture energy Membrane content | 1 | 0.37 0.562 0.044
C Fracture energy State X membrane | 1 | 0.03 0.868 0.004
D Compressive yield stress Mineral state 1| 2.84 0.136 0.289
D Compressive yield stress | Membrane content | 1 | 1.24 0.302 0.151
D Compressive yield stress | State X membrane | 1 | 0.02 0.886 0.003
D Porosity Mineral state 1 | 123.03 | <0.001 | 0.939
D Porosity Membrane content | 1 | 0.00 0.955 0.000
D Porosity State X membrane | 1 | 13.96 | 0.006 0.636
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3.9. Multiscale interpretation and reference models
The tensile data were compared against two limiting descriptions. For the modulus, the Guth
reference prediction for rigid spherical inclusions [38],

E.=E,(1+25¢ + 14.1¢?% (15)

serves as a simplified reference for the stiffening expected from rigid particulate inclusions at
the nominal volume fraction; deviations from it must be interpreted with caution, because
particle shape, agglomeration, porosity and the uncertainty in the effective filler volume are
not represented. For the strength, the Nicolais—Narkis expression:

0, = 0, (1 — 1.2192/3) (16)

describes the limiting case of non-adhering inclusions, in which the particles act as voids [28,
29]. The ratios of the measured to the predicted values are given in Table 9.

Measured-to-predicted strength ratios were 1.01-1.29 with a mean of 1.15 (Table 8), so every
composite lies at or moderately above the prediction for non-adhering inclusions. The excess
suggests some stress transfer, but it is small, since no filled formulation exceeds the strength
of the unfilled resin significantly. Because the particles are irregular, broadly sized and partly
agglomerated, the expression is used as a reference description and does not measure adhesion
directly.

Table 8 Measured tensile modulus and strength expressed as ratios to the Guth and Nicolais—
Narkis predictions. A strength ratio of unity indicates behaviour identical to that of non-
adhering inclusions. Reference values: Em = 2027 MPa and om = 29.4 MPa

Formulation ¢ | E measured / Guth | 6 measured / Nicolais—Narkis
ES5 0.022 1.14 1.10
ES10 0.046 1.13 1.18
ES15 0.071 1.05 1.29
ES15/M1 | 0.081 0.92 1.01
ES15/M2.5 | 0.096 0.97 1.11
ES15/M5 | 0.122 0.92 1.15
CES5 0.018 1.14 1.18
CES10 0.038 1.24 1.20
CES15 0.059 1.21 1.08
CES15/M1 | 0.069 1.20 1.16
CES15/M2.5 | 0.084 1.14 1.25
CESI15/M5 |0.109 1.16 1.16

The modulus ratios separated the two mineral states. In the native series the ratio fell with
loading, from 1.14 at ES5 to 1.05 at ES15 and 0.92 at ES15/M1 and ES15/M5, a growing
shortfall against the geometric prediction. In the calcined series it stayed between 1.14 and
1.24, above the stiffening expected from rigid spheres at the same nominal volume fraction.
Part of this excess may come from the CES volume fraction, which is calculated with the
density of CaO. Porosity thus widens the gap between the two formulations, and the higher
stiffness of the calcined composites cannot come from a higher intrinsic filler modulus. Three
mechanisms are plausible: constraint of matrix mobility by the irregular, fragmented calcined
surfaces; modification of the matrix next to a reactive filler and an effective filler volume larger
than the nominal one, because the porous aggregates are only partly infiltrated and part of the
filler is less dense portlandite. The present data cannot separate them, and this inversion is the
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principal open question of the work. Porosity must therefore be treated as a covariate whenever
the formulations are compared.

3.10. Implications for waste valorisation

Native and calcined eggshell are not equivalent formulations for waste valorisation.
Calcination at 900 °C adds a high-temperature step, releases about 0.44 kg of CO> per kg of
carbonate decomposed and yields a filler whose phase composition changes during storage. Its
measurable benefit here is a higher tensile modulus, obtained together with higher porosity and
lower flexural energy. The native powder needs only washing, drying and grinding; at 5 wt%
it raised the mean tensile modulus by 21% without loss of tensile strength, and at 15 wt% it
preserved the compressive yield stress. For cast-in-place parts loaded mainly in compression,
the native powder is the better one, and calcination is justified only where extra stiffness is
required. A life-cycle assessment would be needed to quantify this advantage. Where flexural
strength or energy absorption governs, none of the formulations is suitable without
modification of the interface.

4. Conclusions

Calcination at 900 °C for 3 h converts the calcite of hen eggshell into CaO, part of which
rehydrates to portlandite. The native and calcined fillers are therefore distinct mineral systems,
and equal mass fractions are not iso-volumetric.

Nanoindentation resolves 4.16 + 0.76 GPa for the matrix, 33.0 £ 2.55 GPa for native-filler-
associated regions and 8.30 + 0.94 GPa for calcined-filler-associated regions. Calcination
reduces the local modulus fourfold, consistent with its fragmented, porous particle architecture.
All filled formulations were stiffer in tension than the matrix, by 19—-67%, and at 15 wt% the
calcined composites were significantly stiffer than the native ones despite their lower local
stiffness and higher porosity.

The calcined formulation raised the apparent porosity of the 15 wt% composite to 7.3 £ 0.7%
against 1.3 + 0.9% for the native equivalent, the largest effect measured. Portlandite density,
incompletely infiltrated aggregates and local cure effects may all contribute, and porosity has
to be reported alongside any interfacial interpretation.

Tensile strength stayed within 1.01-1.29 times the Nicolais—Narkis prediction for non-adhering
inclusions, indicating limited interfacial stress transfer. The composites retained 39-55% of the
flexural strength, 78—108% of the tensile strength and 100-108% of the compressive yield
stress, while flexural energy fell by up to 81%. The membrane, at up to 5 wt%, did not change
the tensile modulus significantly and behaved as a compliant filler.

Eggshell-derived powders in a cold-cured acrylic are best regarded as functional fillers that
keep compressive performance, at the cost of flexural strength and fracture energy when no
coupling agent is used. The native powder is the more favourable choice, since calcination adds
an energy-intensive step and a porosity penalty for a benefit limited to stiffness.
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