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In this study, Fe-Ti-based composite materials reinforced with varying amounts of EggShell (3-13 wt.%) were fabricated 
and sintered at 750 °C under an argon atmosphere. Six di�erent compositions were prepared by gradually decreasing Fe 
and Ti content while increasing the EggShell ratio. The purpose of the study was to investigate the in⿿�uence of bioceramic 
(CaCO₃-based) EggShell addition on the microstructural evolution, densi῿�cation behavior, and potential biofunctionality of 
the Fe-Ti matrix. The sintering process was carried out in an inert argon atmosphere to prevent oxidation and to ensure 
controlled di�usion between phases. Preliminary results suggest that the EggShell addition alters the phase composition and 
porosity, potentially improving the biocompatibility and tailoring the mechanical properties of the composites. These ῿�ndings 
may contribute to the development of cost-e�ective, eco-friendly, and biocompatible materials for biomedical or structural 
applications.
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Introduction

Metal matrix composites (MMCs) have gained 
increasing attention as advanced engineering materials 
due to their ability to combine the ductility and toughness 
of metallic matrices with the hardness, wear resistance, 
and thermal stability of ceramic reinforcements [1, 8]. 
Their high specific strength, corrosion resistance, and 
tunable mechanical properties make MMCs suitable 
for demanding applications in aerospace, automotive, 
energy, and biomedical industries [9-11].

Among various metal matrix systems, iron (Fe)-based 
composites are particularly attractive because of their 
low cost, abundance, magnetic properties, and reliable 
mechanical performance [12-14]. The addition of titanium 
(Ti) into Fe matrices further enhances corrosion resistance, 
reduces density, and improves biocompatibility, thus 
expanding their usability in biomedical and structural 
applications [15-17]. Fe–Ti alloys have been widely 
explored for dental prostheses, orthopedic implants, and 
lightweight components, yet ongoing research continues 
to seek improvements in microstructural stability, 
mechanical strength, and multifunctional performance 
through tailored reinforcement strategies [18-23].

In recent years, growing emphasis on sustainable 

materials engineering has promoted the use of bio-
derived or waste-derived ceramic reinforcements in metal 
matrices. Eggshell, a biologically abundant waste material 
primarily composed of calcium carbonate (CaCO₃), offers 
a low-cost and environmentally friendly reinforcement 
alternative [24, 25]. Upon thermal decomposition to 
calcium oxide (CaO), eggshell-derived ceramic phases 
may enhance interfacial bonding, oxidation resistance, 
and biocompatibility within metallic matrices [26, 27]. 
This approach also supports waste valorization and aligns 
with global trends toward green composite development 
[28, 29].

Extensive studies have reported the significant 
influence of ceramic reinforcements on the densification, 
microstructure, hardness, and wear resistance of metal 
matrix systems [5-7, 13, 14]. In Fe–Ti-based composites, 
the introduction of ceramic phases such as TiB₂, ZrO₂, 
SiC, or CaO has been shown to enhance sintering 
behavior and improve overall mechanical performance 
[3, 4, 30-32]. Similarly, bioceramic-reinforced titanium-
based systems exhibit improved structural integrity and 
biocompatibility due to the presence of calcium-containing 
phases [10, 22]. Hybrid composites integrating traditional 
ceramics with natural fillers such as eggshell powder 
have demonstrated increases in hardness, reductions in 
density, and improvements in microstructural uniformity, 
confirming the potential of natural waste-derived 
reinforcements in advanced composite design [24, 25].

Building upon these insights, the present study 
investigates Fe–Ti-based composites reinforced with 
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varying amounts (3-13 wt.%) of eggshell powder, 
fabricated via powder metallurgy and sintered at 
750 °C under an argon atmosphere. The objective 
is to evaluate the influence of eggshell addition on 
microstructure, densification, mechanical behavior, and 
potential biofunctionality of the Fe–Ti matrix. Given 
the formation of CaO from eggshell decomposition and 
the resulting multiphase composite structure, Fe–Ti–
Eggshell systems may serve as promising candidates 
for lightweight components, corrosion-resistant coatings, 
thermal barrier applications, and biomedical devices 
such as dental implants and prosthetic frameworks, 
where both mechanical integrity and biocompatibility 
are essential [1-29].

This study contributes to the growing field of sustainable 
composite development by exploring an eco-friendly, 
low-cost reinforcement material integrated into a widely 
studied metal matrix system, providing insights into the 
engineering of next-generation composite materials with 
enhanced performance and environmental compatibility.

Material and Method

Materials
The materials utilized in this study included high-

purity iron (Fe), titanium (Ti), and eggshell-derived 
calcium carbonate (EggShell). The Fe and Ti powders 
were obtained from certified suppliers with purities 
exceeding 99%. Eggshells were collected, thoroughly 
cleaned to remove organic residues, dried at 105 °C 
for 24 hours, and then ground into fine powder using a 
planetary ball mill. 

Preparation of Powder Mixtures
Six different compositions were prepared with varying 

weight percentages of Fe, Ti, and EggShell, as 
summarized in Table 1.

Accurate weights of each component were measured 
using an analytical balance, and the powders were mixed 

uniformly in a planetary ball mill at 20 rpm for 2 hours.

Powder Metallurgy Processing
The homogeneous powder blends were cold-pressed 

into cylindrical green compacts with a diameter of 15 
mm and height of 8-10 mm under a uniaxial pressure 
of 300 MPa. The green specimens were then sintered 
in a tube furnace at 750 °C for 2 hours under a 
continuous flow of high-purity argon gas to prevent 
oxidation. The sintering process was conducted at a 
controlled heating rate of 10 °C/min, and samples were 
cooled to room temperature within the furnace under 
argon atmosphere. Post-sintering, the samples were 
examined using scanning electron microscopy (SEM) to 
analyze the microstructure and phase distribution. X-ray 
diffraction (XRD) analysis was performed to identify the 
phases present. Mechanical testing, including hardness 
measurements and compressive strength assessments, 
was carried out following standard protocols to evaluate 
the material properties.

Results

Physical Properties
When the physical and mechanical properties of 

composite materials obtained from Fe-Ti-Eggshell 

Table 1..Effect of Eggshell Addition on the Fe–Ti Composition  
of the Prepared Samples.

Sample Fe(%) Ti(%) EggShell (%)
SP1 82 18 0
SP2 80 17 3
SP3 78 16,5 5,5
SP4 76 16 8
SP5 74 15,5 10
SP6 72 15 13

Fig. 1. Density, Porosity and Microhadness curves.
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powder mixtures sintered in an argon atmosphere at 750 
°C were examined, significant changes were observed 
with increasing Eggshell content. Increasing Eggshell 
content resulted in a significant decrease in the density 
of the composites, which is attributed to Eggshell's lower 
density compared to metallic components. Similarly, 
porosity values initially decreased and then increased 
with increasing Eggshell content. This suggests that 
sintering efficiency increased at low additive content, 
while higher additive content weakened bonding and 
increased porosity. Microhardness values decreased steadily 
with increasing Eggshell content, which can be attributed 

to increased porosity and the lower mechanical strength 
of the ceramic phase. Consequently, while composites 
obtained with Eggshell reinforcement provide lightweight 
performance, careful optimization is required for 
mechanical strength and structural integrity.

Microstructural Investigation
The SEM micrographs of Fe-Ti composites containing 

varying amounts of eggshell powder and sintered at 
750 °C under an argon atmosphere reveal notable 
differences in microstructural characteristics (Fig. 2). In 
the sample without eggshell reinforcement (82Fe–18Ti), 

Fig. 2. SEM photographs of sintered samples.
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a relatively dense and compact microstructure with 
well-bonded particles is observed, indicating effective 
sintering and minimal porosity. As the eggshell content 
increases, beginning with the 3% addition (80Fe–
17Ti–3%Eggshell), slight increases in pore formation 
and particle boundaries become evident. With further 
additions of 5.5% and 8% eggshell (Figures C and D), the 
microstructure displays more pronounced porosity and 
weakened interparticle bonding, suggesting that excessive 
bioceramic content interferes with densification. At 
higher reinforcement levels of 10% and 13% (Figures E 
and F), the micrographs reveal substantial pore presence 
and particle separation, with clear signs of agglomeration 
and incomplete sintering. These structural degradations 
correlate directly with the observed reductions in 
density and microhardness, indicating that high eggshell 
content adversely affects the mechanical integrity of the 
composites. Consequently, while eggshell offers benefits 
as a lightweight and eco-friendly additive, its proportion 
must be carefully optimized to preserve microstructural 
cohesion and ensure satisfactory performance.

The EDX analysis of the SP1 sample sintered at 
750 °C provides insights into both the elemental 
composition and distribution of the material (Fig. 3). 

The SEM micrograph at 2000× magnification reveals 
an irregular and porous microstructure with micron-sized 
particles. The line scan performed along the marked line 
demonstrates the spatial distribution of Fe and Ti elements. 
The Fe signal (red line) is relatively uniform across the 
scanned area, indicating that iron is the dominant and 
continuous phase in the microstructure. In contrast, the 
Ti signal (green line) shows localized peaks, suggesting 
that titanium is concentrated in specific regions rather 
than being homogeneously dispersed. The corresponding 
EDX spectrum confirms the presence of Fe and Ti as the 
major elements, with prominent Fe-Kα and Ti-Kα peaks. 
The relatively higher intensity of the Fe peaks compared 
to Ti indicates that Fe is the primary constituent, while 
Ti appears in lower quantities and is likely present as 
discrete particles or segregated phases. This localized 
enrichment of Ti may influence the mechanical and 
surface properties of the sintered composite, potentially 
contributing to variations in hardness or wear resistance 
across the surface.

The EDX analysis of the SP6 sample sintered at 750 
°C reveals detailed information regarding the elemental 
composition and distribution within the composite (Fig. 
4). The SEM micrograph at 2000× magnification shows 

Fig. 3. EDX analysis of the SP1 sample sintered at 750 ᵒC.
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an irregular and porous microstructure with closely packed 
particles, consistent with sintered metallic composites. 
The line scan along the marked yellow line illustrates the 
spatial distribution of Fe, Ti, Ca, Mg, Al, and Si across 
the sample surface. Fe (red line) exhibits a relatively 
uniform distribution, indicating its role as the primary 
matrix element. Ti (green line) shows localized intensity 
peaks, suggesting its presence as discrete particles or 
segregated regions rather than being homogeneously 
dispersed. Minor elements such as Ca (blue line), Mg, 
Al, and Si appear in smaller quantities, with their signals 
presenting intermittent peaks along the scanned path, 
which indicates their localization at specific sites, likely 
corresponding to secondary phases or inclusions.

The EDX spectrum supports these observations by 
displaying distinct characteristic peaks of Fe-Kα and 
Ti-Kα, confirming Fe as the dominant phase and Ti as 
a secondary phase. The spectrum also shows smaller 
peaks corresponding to Ca, Mg, Al, and Si, which 
are typically associated with either surface oxides or 
reinforcing particles within the composite. The relatively 
higher intensity of Fe peaks highlights the metallic 

matrix, while the heterogeneity of the Ti and minor 
elements reflects the composite nature of the material. 
This localized elemental enrichment could influence 
the overall mechanical behavior, potentially enhancing 
hardness or wear resistance in regions with Ti and 
ceramic-related phases.

The X-ray diffraction (XRD) analysis of the alloy with 
a composition of 82% Fe and 18% Ti, heat-treated at 
750 °C, reveals the formation of multiple crystalline 
phases (Fig. 5). The most intense peak, observed 
around 45°, corresponds to iron (Fe), indicating that 
Fe is the dominant phase in the microstructure, which 
is consistent with its high concentration in the alloy. 
Several smaller peaks appearing in the 35°–40° range 
suggest the presence of titanium (Ti) as a separate 
crystalline phase. Additionally, distinct peaks around 
50° and 80° indicate the formation of the intermetallic 
compound Fe₂Ti, which typically forms through solid-
state diffusion at elevated temperatures. The presence of 
this intermetallic phase is significant, as it can enhance 
the mechanical properties of the alloy, particularly 
hardness and high-temperature strength. A weak peak 

Fig. 4. EDX analysis of the SP6 sample sintered at 750 ᵒC.



The role of eggshell as a biomaterial in iron-titanium mixtures: innovation and sustainability 1005

around 70° is attributed to titanium dioxide (TiO₂), 
likely resulting from slight surface oxidation during the 
heat treatment process. This oxide layer may act as a 
protective film on the material’s surface. Overall, the 
analysis confirms that the alloy consists of a dominant 
Fe matrix with dispersed Ti and Fe₂Ti phases, along with 
a minor amount of surface TiO₂. This phase composition 
provides valuable insights into the thermal stability and 
structural characteristics of the alloy. 

The diffraction pattern reveals a multiphase structure 
after heat treatment at 750 °C (Fig. 6). The most intense 
peak, located around 45°, corresponds to the Fe phase, 
indicating that iron remains the dominant crystalline 
phase. This is consistent with the high Fe content (80%) 
in the sample. Several peaks observed between 35° and 
40° are attributed to titanium (Ti), suggesting the presence 
of separate Ti crystalline phases distributed within the 
structure. Distinct peaks around 50° and 80° correspond 

Fig. 5. XRD analysis of sample (%82Fe-%18Ti) sintered at 750 ºC.

Fig. 6. XRD analysis of sample (%80Fe-%17Ti-%3EggShell) sintered at 750 ºC.
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to the Fe₂Ti intermetallic phase, which typically forms 
through diffusion between Fe and Ti at elevated 
temperatures. This phase is known to enhance the alloy’s 
hardness and high-temperature mechanical performance. 
The presence of calcium oxide (CaO), originating from 
the thermal decomposition of eggshell-derived CaCO₃, is 
confirmed by moderate-intensity peaks labeled as phase 
5. These peaks suggest that CaO is incorporated as a 
stable ceramic phase in the microstructure. Additionally, 
a weak TiO₂ peak near 70° indicates partial oxidation 
of titanium during heat treatment, potentially forming a 
thin oxide layer on the surface.

The X-ray diffraction (XRD) analysis of the sample 
composed of 72% Fe, 15% Ti, and 13% eggshell 
(presumably as a CaCO₃ source) heat-treated at 750 °C 
reveals the formation of five distinct phases Fig. 7). 
The most intense diffraction peak, located around 45°, 
corresponds to Fe (iron), indicating that iron remains 
the dominant matrix phase in the microstructure, which 
is consistent with its high concentration in the alloy. 
Prominent peaks between 35° and 40° are attributed 
to Ti (titanium), suggesting the presence of separate Ti 
crystalline phases. Peaks around 50° and 80° confirm 
the formation of the Fe₂Ti intermetallic phase, which 
typically develops through solid-state diffusion between 
Fe and Ti at elevated temperatures. This intermetallic 
compound can significantly improve mechanical pro
perties such as hardness and high-temperature strength. 
Due to the presence of eggshell-derived CaCO₃, 
thermal decomposition at 750 °C likely resulted in 

the formation of CaO (calcium oxide), evidenced by 
multiple low-to-medium intensity peaks labeled as phase 
5 across the 30°–80° 2θ range. This confirms that CaO 
is retained in the structure as a stable oxide phase. 
Additionally, a weak TiO₂ peak around 70° indicates 
limited surface oxidation, possibly forming a thin 
oxide layer. In addition, the potential formation of Ca–
Ti–O compounds such as CaTiO₃ was also considered 
due to the thermal decomposition of eggshell-derived 
CaCO₃ into CaO during sintering. However, no distinct 
diffraction peaks corresponding to CaTiO₃ or related 
ternary oxides were detected in the XRD patterns of 
the sintered samples. This absence can be attributed to 
the relatively low sintering temperature (750 °C) and 
the use of an inert argon atmosphere, which limited the 
interdiffusion between CaO and Ti. At higher sintering 
temperatures or under slightly oxidative conditions, the 
formation of CaTiO₃ could become thermodynamically 
favorable, potentially influencing both the hardness and 
densification behavior of the composites. This possibility 
will be further investigated in future studies to clarify 
the role of Ca–Ti–O secondary phases in the Fe–Ti–
Eggshell system.

Discussion and Conclusion

In this study, the physical and mechanical properties of 
Fe–Ti matrix composites reinforced with varying amounts 
of eggshell powder and sintered at 750 °C under an argon 
atmosphere were systematically investigated. The results 

Fig. 7. XRD analysis of sample (%72Fe-%15Ti-%13EggShell) sintered at 750 ºC.
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revealed that increasing the eggshell content led to a 
significant reduction in both density and microhardness. 
This trend can be attributed to the inherently low 
density and limited mechanical strength of eggshells as 
a bioceramic material. While porosity decreased at lower 
reinforcement levels, it increased again at higher eggshell 
contents, suggesting enhanced sintering efficiency at 
small additions and weakened particle bonding as the 
eggshell ratio rose. Although eggshell powder offers 
ecological and economic advantages, optimizing its 
content is essential to preserve the structural integrity 
and mechanical performance of the composites.

Based on the quantitative evaluation, the optimum 
balance between density and microhardness was 
achieved at approximately 3 wt.% eggshell addition. 
At this reinforcement level, the composite exhibited 
improved densification and sufficient mechanical strength 
while maintaining a reduced overall density. Further 
additions (≥ 8 wt.%) resulted in excessive porosity and 
decreased hardness due to weakened particle bonding 
and the agglomeration of ceramic phases. Therefore, 
3 wt.% eggshell can be considered the most effective 
reinforcement level for achieving a desirable combination 
of lightness and mechanical integrity in Fe–Ti–Eggshell 
composites.

SEM micrographs of Fe–Ti matrix composites with 
varying eggshell content (Fig. 3) demonstrate distinct 
changes in microstructure based on the reinforcement 
level. The unreinforced sample (82Fe–18Ti) displays a 
dense and compact structure with well-sintered particles 
and minimal porosity, indicating effective densification. 
Upon the addition of 3 wt.% eggshell (80Fe–17Ti–
3%Eggshell), a slight increase in porosity and more 
pronounced particle boundaries become evident, signaling 
the onset of reduced sintering efficiency. With further 
increases to 5.5 wt.% and 8 wt.%, the microstructure 
becomes noticeably more porous and less cohesive, 
characterized by visible interparticle voids and weaker 
bonding. At the highest reinforcement levels of 10 wt.% 
and 13 wt.%, the micrographs reveal severe porosity, 
particle detachment, and agglomeration, indicating a 
pronounced deterioration in sintering quality. These 
structural degradations correlate with the observed declines 
in density and microhardness.

XRD analyses further support these findings. As 
shown in Fig. 4, four main phases—Fe, Ti, Fe₂Ti, and 
TiO₂—were identified in the 82% Fe–18% Ti alloy heat-
treated at 750 °C. Notably, the Fe₂Ti intermetallic phase 
contributes significantly to the mechanical and physical 
properties of the material. In the 80Fe–17Ti–3%Eggshell 
sample (Fig. 5), the XRD pattern reveals a dominant 
Fe matrix with secondary Ti and Fe₂Ti phases, along 
with minor CaO and TiO₂ phases. The emergence of 
CaO results from the thermal decomposition of eggshell-
derived CaCO₃. Similarly, in samples with higher 
eggshell content (Fig. 6), the presence of CaO and 
Fe₂Ti intermetallics contributes to a complex multiphase 

structure. This composition may enhance mechanical 
strength, oxidation resistance, and thermal stability, 
making these composites potentially suitable for high-
temperature or structural applications.

Considering the promising outcomes obtained in 
terms of lightweight structure and phase stability, 
Fe–Ti–Eggshell composites can be envisioned for 
various potential applications. Their reduced density 
and the presence of CaO and Fe₂Ti phases make them 
suitable candidates for corrosion-resistant coatings, 
thermal barrier layers, and lightweight structural 
components in engineering systems. Moreover, due to 
the biocompatibility potential imparted by eggshell-
derived CaO, these composites may also find use 
in biomedical applications such as dental implants, 
prosthetic frameworks, or bone-interfacing components, 
where both mechanical integrity and biofunctionality are 
essential.

The detected TiO₂ phase was mainly localized at the 
particle boundaries, suggesting surface oxidation rather 
than a homogeneous oxide distribution within the Fe–Ti 
matrix. Although quantitative pore morphology analysis 
was not performed, SEM micrographs indicate that 
the type of porosity changes with increasing eggshell 
content. At lower reinforcement levels (≤ 3 wt.%), 
pores appear mostly closed and isolated, suggesting 
efficient sintering and compact particle bonding. In 
contrast, at higher reinforcement levels (≥ 8 wt.%), the 
porosity becomes more open and interconnected, likely 
facilitating gas entrapment and reducing mechanical 
integrity. This transition from closed to open porosity 
is consistent with the observed decrease in hardness and 
densification efficiency at higher eggshell additions.

As a result, Fe–Ti matrix composites reinforced 
with eggshell powder and sintered at 750 °C show 
that increasing eggshell content reduces density and 
microhardness due to higher porosity and weaker 
particle bonding. XRD and SEM analyses confirm the 
formation of Fe, Ti, Fe₂Ti, TiO₂, and CaO phases. While 
eggshell provides ecological benefits, its content must 
be optimized to maintain structural and mechanical 
performance. At higher reinforcement levels, the thermal 
decomposition of eggshell-derived CaCO₃ produces CaO 
as a stable ceramic phase dispersed within the Fe–Ti 
matrix. Although CaO does not directly participate in 
chemical reactions with Fe or Ti to form intermetallic 
compounds under the sintering conditions (750 °C, inert 
atmosphere), it indirectly influences the formation of the 
Fe₂Ti phase through microstructural and kinetic effects. 
The presence of CaO increases porosity and decreases 
sintering efficiency, as evidenced by SEM micrographs 
showing weaker particle bonding and higher void 
content in samples containing 10–13 wt.% eggshell. 
Such structural degradation limits the diffusion pathways 
between Fe and Ti particles, thereby suppressing the 
solid-state diffusion required for Fe₂Ti intermetallic 
phase development. Additionally, the ceramic CaO 
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particles may act as diffusion barriers at grain boundaries, 
reducing Fe–Ti interfacial contact and delaying the 
intermetallic reaction. Consequently, although the Fe₂Ti 
phase remains detectable in XRD analyses, its relative 
peak intensity decreases with increasing CaO content, 
indicating a lower fraction of this phase. Overall, the 
influence of CaO on Fe₂Ti formation is predominantly 
physical and kinetic rather than chemical in nature.

To further substantiate the interpretation of densification 
behavior, it would be highly beneficial to include precise 
quantitative porosity values in addition to the qualitative 
SEM observations. Reporting these numerical porosity 
measurements would enable a more accurate correlation 
between the eggshell reinforcement ratio, sintering 
efficiency, and resulting microstructural evolution. Such 
quantitative data would significantly enhance the analytical 
depth and strengthen the reliability of the conclusions 
drawn regarding the influence of eggshell addition on the 
Fe–Ti matrix composites. It should be noted that Vickers 
microhardness was the only mechanical test conducted 
in this study. While it provides valuable insights into 
local mechanical behavior, additional evaluations—such 
as compressive strength, flexural strength, and fracture 
toughness—would offer a more complete understanding 
of the composite’s overall structural integrity. These 
measurements are planned for future studies to establish 
stronger correlations between microstructure and macro
scopic mechanical performance.
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