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ABSTRACT 

This study explores the influence of SiC reinforcement on the microstructure, mechanical properties and 

ballistic performance of Al2O3-SiC composites fabricated by Spark Plasma Sintering. Composites containing 

1 to 30 vol.% SiC were processed using optimized SPS cycles to ensure high densification and controlled 

microstructural development. The addition of SiC led to significant improvements in hardness, fracture 

toughness and Young’s modulus with the best compromise observed at 25 vol.% SiC, sintered at 1600 °C. At 

this composition, a 30% reduction in residual depth of penetration versus 7.62 mm×51 FMJ/PB/HC AP P80 

(.308 Win) threat was measured compared to pure alumina, confirming the effectiveness of SiC reinforcement 

in enhancing ballistic resistance. Although higher SiC contents (≥25 vol.%) resulted in the formation of mullite 

and a slight decrease in fracture toughness, the 25 vol.% SiC composite offers an optimal balance between 

mechanical performance and cost-efficiency. These results position Al2O3-SiC composites as promising 

materials for lightweight and affordable ballistic protection systems.  
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I. INTRODUCTION 

Ceramics are widely recognized for their potential in ballistic applications due to their high mechanical 

properties and low density, which offer an outstanding strength-to-weight ratio compared to other materials 

used for the same purpose [1,2]. Among them, silicon carbide (SiC) and boron carbide (B4C) are particularly 

valued for their exceptional ballistic performances, attributed to their high hardness and low density [3,4]. 

However, the high production costs of these advanced ceramics limit their widespread use, especially in 

applications where large-scale deployment and cost control are critical.  

Alumina (Al2O3), by contrast, stands out for its attractive balance between cost and performance, making it 

one of the preferred ceramics for ballistic applications [5,6]. This is especially relevant in defense and security 

contexts, where there is a growing demand for affordable armor systems that provide high protection levels 

while maintaining operational effectiveness and scalability. The effectiveness of ballistic ceramics depends on 

multiple factors, including damage resistance, energy absorption capability and behavior under multi-hit 

conditions [7,8].  

To enhance the mechanical properties of alumina while maintaining its cost-effectiveness, recent research has 

focused on the development of composite materials incorporating a secondary phase [9,10]. In particular, 

alumina reinforced with SiC particles has emerged as a promising approach, combining the cost benefits of 

alumina with the superior mechanical properties of SiC. The addition of SiC was found to significantly improve 

the flexural strength of alumina (up to ~1 GPa for composites versus 350 MPa for pure alumina) as well as the 

fracture toughness, hardness and wear resistance [11–14]. Furthermore, the lower density of SiC (3.21 g.cm-3) 

contributes to reducing the overall mass of the composite, an essential criterion for lightweight armor systems 

[15]. 

The reinforcement mechanisms provided by SiC have been extensively documented. During sintering, SiC 

particles inhibit grain growth in the alumina matrix [16,17], resulting in a refined microstructure with improved 

mechanical properties. At the same time, they tend to slow down alumina densification, requiring higher 

sintering temperatures as the SiC content increases [18–20]. Beyond microstructural refinement, SiC also 

activates several extrinsic toughening mechanisms such as crack deflection, microcracking, and crack 

branching [18,21], arising from the mismatch in thermal expansion coefficients (Al2O3: 8.1×10-6.K-1, SiC: 

4.0×10-6.K-1) and elastic moduli (Al2O3: 350-400 GPa, SiC: 400-460 GPa) [22–24]. This mismatch generates 

localized residual stresses during cooling, which are tensile in the alumina matrix and compressive within SiC 

particles. Several studies [25–27] have shown that these stresses can induce the formation and motion of 

dislocations in alumina, thereby relaxing intrinsic tensile stresses and enlarging the crack-tip process zone. 

This residual-stress-assisted mechanism complements crack deflection and bridging at Al2O3-SiC interfaces, 

enhancing both strength and fracture toughness. In addition, SiC strengthens grain boundaries and promotes a 

transition from intergranular to mixed intergranular-transgranular fracture modes, increasing energy 

absorption during crack propagation [28]. However, when the SiC content is excessive or the second phase is 

coarsely dispersed, residual stresses may instead promote interfacial decohesion or microcracking, which can 

counteract these benefits [29]. Altogether, these combined mechanisms make Al2O3-SiC composites highly 

attractive for applications requiring improved mechanical performance and superior energy absorption. 

While the mechanical improvements provided by SiC reinforcement are well documented, their direct 

translation into ballistic performance remains unclear. Most existing studies have either focused on mechanical 

characterization or employed numerical simulations to predict ballistic behavior, with limited experimental 

validation of these models. For instance, Azarafza et al. [30] demonstrated through simulations that 

incorporating 10 vol.% SiC into alumina significantly enhances ballistic performance, reducing back layer 
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dishing by more than 50%, from 5 mm (pure alumina) to 2 mm. This improvement was attributed to the 

superior flexural strength and fracture toughness of the composite. However, to date, no experimental study 

has systematically evaluated the influence of SiC addition on the ballistic performance of alumina. 

By contrast, recent work on B4C-SiC composites provides useful insight. Jamale et al. [31] reported that 

incorporating 10 wt.% SiC into B4C reduced the residual velocity of WC-Co projectiles by 74% compared to 

50% for monolithic B4C, while also decreasing the depth of penetration. This improvement was associated 

with enhanced grain boundary cohesion, suppression of B4C amorphization under high strain, and improved 

energy absorption during impact. Although such results have not yet been reported for Al₂O₃-based ceramics, 

the similar fracture mechanisms suggest that SiC reinforcement could also provide significant benefits for 

alumina, thereby justifying the focus of the present study. 

Spark plasma sintering (SPS) is a particularly effective method for fabricating alumina-SiC composites 

[32,33]. This technique provides precise control over sintering parameters such as temperature, pressure, and 

holding time. SPS enables the production of highly dense composites (>99% relative density) at lower 

temperatures (~1500-1600°C) compared to conventional methods [33–35]. By limiting grain growth, SPS 

further enhances mechanical properties. However, interfacial reactions between alumina and silicon carbide 

can lead to the formation of silica-rich amorphous phases or mullite (3A12O3·2SiO2) [36,37]. These reactions 

are promoted by oxygen impurities, such as native SiO2 layers on SiC particles or residual oxygen in the SPS 

atmosphere. Although the rapid heating rates, short dwell times, and vacuum environment of SPS help limit 

these reactions, temperatures above ~1550-1700°C can still favor mullite formation [18,35]. Mullite is 

generally considered to have inferior mechanical properties compared to pure alumina [38], making it essential 

to avoid its formation, although its precise impact on Al2O3-SiC composite properties remains insufficiently 

studied. 

This study addresses these gaps by experimentally determining the ballistic performance of Al2O3-SiC 

composites with 0 to 30 vol.% SiC, and identifying the optimal reinforcement content to maximize protection. 

While previous work has largely focused on mechanical properties alone, these do not necessarily predict 

ballistic ranking, making experimental validation critical. The first part of this work focuses on optimizing 

SPS parameters to achieve high-density, fine-grained microstructures while minimizing secondary phase 

formation. Mechanical properties, including Young’s modulus, fracture toughness, and hardness, are then 

characterized alongside ballistic performance. The overall objective is to thoroughly investigate the influence 

of SiC addition on both the mechanical and ballistic behavior of alumina, with the ultimate goal of developing 

a high-performance, cost-effective ceramic composite for advanced ballistic protection applications.  

II. EXPERIMENTAL PROCEDURE 

II.1.1. Elaboration 

The starting materials used in this study were commercial α-Al2O3 powder (BMA15, Baikowski, France) with 

a purity of 99.99%, an average particle size of 100-150 nm, and a specific surface area of 15 m².g-1, as well as 

α-SiC powder (Sintex 15, Saint-Gobain, France) with a median particle size (d50) of 1.0 µm, a specific surface 

area of 13 m².g-1, and with a total of 1.2 wt.% of free SiOx. The mixtures, containing variable SiC volume 

fractions (1, 2, 5, 10, 15, 20, 25, and 30 vol.%), were dry-mixed using a planetary ball mill operating at 250 

rpm for 1 hour. The milling was performed with 10 mm diameter alumina balls and an 80 mL alumina bowl, 

maintaining a ball-to-powder mass ratio of 5:1. This process should ensure a homogeneous distribution of SiC 

within the alumina matrix. 
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Sintering experiments were conducted using an HP D 125 SPS system (FCT Systeme GmbH, Germany) under 

dynamic vacuum conditions. Graphite foil was placed between the die and the powder, as well as between the 

punches and the powder. To minimize radiative heat losses, the die was wrapped in graphite felt. Temperature 

was monitored by an optical pyrometer focused at the bottom of a hole drilled in the upper punch, positioned 

4.5 mm above the ceramic sample. The sintering cycle began with heating to 450°C under constant power. 

From this point, heating continued at a rate of 50°C.min-1 up to the target sintering temperature. 

Simultaneously, a uniaxial pressure of 50-80 MPa was gradually applied between 450°C and 1000°C, then 

held constant until the end of the dwell time of the sintering temperature. Following the dwell stage, the 

pressure was released gradually over 5 minutes during natural cooling. 

An initial study was carried out on 30 mm diameter and 4 mm thick samples to determine the sintering 

temperature range suitable for Al2O3-SiC composites and to assess potential reactivity between alumina and 

SiC. For this preliminary evaluation, all compositions were sintered at 1800°C without a dwell time. 

Subsequently, a second study was conducted to optimize sintering parameters for each composition before 

fabricating the targets for ballistic testing. This optimization was performed on 60 mm diameter samples and 

the thickness was adjusted to ensure a constant areal density of 9 kg.m-2 across all compositions, as required 

for ballistic evaluations. The final sintering temperature varied between 1250°C and 1650°C depending on the 

SiC content, with a fixed dwell time of 10 min. To determine the potential performance gain associated with 

the addition of SiC, pure alumina was sintered using the following conditions, determined through prior 

optimization of the sintering parameters: a reduced heating rate of 25°C.min-1 and a shorter dwell time of 

3 min. For all the compositions studied, the target of optimization consisted in obtaining a relative density ≥ 

99% and a fine microstructure to improve mechanical and ballistic performance.  

II.1.2. Characterization 

The relative density was determined using Archimedes water displacement method after surface polishing and 

the theoretical density was considered as 3.987 g.cm-3 for alumina (PDF card 00-046-1212) and 3.21 g.cm-3 

for SiC (PDF card 01-075-8314).  

The samples were carefully polished, by standard diamond polishing techniques, down to a diamond particle 

size of 1 µm, then polished with a 0.05 µm silica slurry with a vibratory polishing machine (Vibromet 2, 

Buehler, United States). Microstructures were observed on cross sections, using a Field Emission Scanning 

Electron Microscope (FESEM, FEI NNS 450). The average grain size was estimated from the measurement 

of several hundred grains on three pictures at the center of each sample with the linear intercept method [39].  

The crystalline structure and phase composition of the sintered samples were analyzed using X-ray diffraction 

(XRD). Diffraction patterns were recorded over a 2θ range of 20 to 80° using a Bruker AXS D8 Advance 

system (with a step of 0.02° and a counting time of 1 s per step at room temperature) equipped with a copper 

X-ray tube (CuKα, λ = 0.15406 nm). Rietveld refinement was performed using the FullProf software. 

The Vickers hardness was measured on polished cross section using a load of 9.8 N and a holding time of 10 

s, in accordance with the ASTM C1327 standard [40]. The average hardness value was determined from ten 

indentations performed at the center of each sample. 

The fracture toughness of the samples was evaluated using the Vickers indentation method based on Niihara’s 

model [41]. Indentations were performed with a 19.6 N load and a dwell time of 10 s. The average fracture 

toughness was determined from ten indentations performed at the center of each sample. Prior to these 

measurements, a preliminary indentation was conducted to identify the crack morphology, which was 
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consistently of the Palmqvist type across all samples. The indentation fracture toughness (KIC) was calculated 

using Equation (1): 

 
𝐾𝐼𝐶 = 0.0089(

𝐸

𝐻𝑉
)2/5

𝑃

𝑎. 𝑙1/2
 (1) 

with E the Young’s modulus (GPa), HV the Vickers hardness (GPa), P the applied load during Vickers test 

(N), l the Palmqvist crack length from the center of the indent to the crack (m) and a the indenter radius (m). 

The Young’s modulus and Poisson’s ratio were determined using the velocities of transverse (VT) and 

longitudinal (VL) ultrasonic waves, measured with an ultrasonic thickness gauge (Olympus 45 MG). From 

these measurements, the Poisson’s ratio (ν) was calculated using Equation (2), and the Young’s modulus (E) 

was determined using Equation (3) [42]: 

 

𝜈 =
1 − 2(

𝑉𝑇
𝑉𝐿
)2

2 − 2(
𝑉𝑇
𝑉𝐿
)2

 (2) 

 
𝐸 =

𝜌(1 + 𝜈)(1 − 2𝜈)

(1 − 𝜈)
𝑉𝐿
2 (3) 

With ρ the density (kg.m-3) of the sample. 

II.1.3. DOP test 

The Depth of Penetration (DOP) test was conducted following the configuration described in Fig. 1.  

 

Fig. 1. (a) Schematic illustrating the measurement of residual depth of penetration (PR), (b) Image showing the 

aluminum block with a pure alumina target (white) and an Al2O3-SiC composite target (grey). 

The backing material used in this study is an aluminum alloy (AA7020 T651) with a density of 2.71 g.cm-3 

and a dimension of 100x100x40 mm3. Each backing was machined to include a hole with the same dimensions 

as the ceramic tile (Fig. 2a), which was subsequently bonded into the hole using an adhesive (Permacol 2242 

A/B, Fig. 2b). The ballistic tests were conducted on 60 mm diameter targets with an areal density of 9 kg.m-2, 

with five samples tested for each composition. The projectiles used for this study were 7.62 mm×51 

FMJ/PB/HC AP P80 (.308 Win), complying with the VPAM APR 2006 standard [43]. These projectiles were 

fired at an impact velocity of 820 ± 10 m.s-1.In order to limit the scattering of the data, all the projectiles and 

aluminum alloy blocks are from the same batch. 

ba

Adhesive Ceramic

PR

Ceramic tile

Al-alloy Backing

Penetration
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Fig. 2. Preparation of the aluminum block to accommodate the ceramic target (a) and target bonding (b). 

Fig. 3a illustrates the experimental setup used for the ballistic tests. The ballistic tests were conducted by first 

taping the ceramic tile and aluminum alloy backing assembly to a second aluminum block of the same 

dimensions, which was then securely mounted onto the firing stand (Fig. 3b). Projectiles were fired at the 

target perpendicularly using a rifled gun positioned 7 meters away.  

 

Fig. 3. Simplified schematic of the ballistic test bench (a) and target mounting inside the ballistic test chamber (b). 

The velocity and impact angles of the projectiles were recorded with a system combining infrared-emitting 

diodes and photovoltaic cells, which measures the time intervals between disruptions caused by the projectile 

passing through two perpendicular beams. These measurements ensure the reliability and validation of the test, 

with a tolerance of 2° on the impact angle to guarantee its validity. After the ballistic tests, the Al-alloy block 

was cut in half through the center of the impact (Fig. 4a) to measure the residual depth of penetration (Fig. 4b). 

The reference penetration depth in the Al-alloy without ceramic is 40.4 mm. 
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Fig. 4. Post-impact results (a) and residual penetration depth (PR) measurement after block sectioning (b). 

To benchmark the performance of the developed composites as well as the pure alumina samples, additional 

tests were carried out on commercial silicon carbide (Hexoloy®, Saint-Gobain, France) and alumina 

(ALOTEC® 99 SB, CeramTec, Germany) ceramics of identical dimensions. These materials are widely used 

in the production of ballistic protection systems. 

III. RESULTS AND DISCUSSION 

III.1. Reactivity in the Al2O3-SiC system 

The initial stage in the development of Al2O3-SiC composites consisted in evaluating the reactivity between 

the two selected phases. To promote the occurrence and detection of potential interfacial reactions, a composite 

containing 30 vol.% SiC, representing the most reactive configuration within the scope of the study was 

selected. A preliminary sintering experiment was performed at 1800°C under 50 MPa, a condition sufficient 

to achieve full densification and to assess the system’s reactivity (Fig. 5). 

X-ray diffraction analysis of the sample sintered at this temperature revealed the presence of alumina (PDF 

card 00-046-1212), SiC (PDF card 01-075-8314) and mullite (COD card No. 96-900-1568), the latter identified 

by its characteristic peaks at 2θ = 16.5° and 26°. A Rietveld refinement performed on the XRD data estimated 

the mullite content to be approximately 2-3 wt.%. However, this phase could not be clearly distinguished by 

scanning electron microscopy or EDS mapping, most likely due to its low concentration. Mullite is assumed 

to form locally at the interface between alumina and surface silica on SiC grains. It may exist as extremely thin 

layers or develop at grain boundaries, making its detection by SEM particularly challenging. 

 

Fig. 5. X-ray diffraction patterns of Al2O3-SiC composites containing 30 vol.% SiC, sintered at various temperatures 

under 50 MPa with no dwell time. 
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To determine the onset temperature of mullite formation, additional sintering tests were conducted at lower 

temperatures (Fig. 5). Mullite was detected starting at 1600°C, indicating that its formation begins between 

1550 and 1600°C. Therefore, a sintering temperature near 1550°C would be preferable to avoid the formation 

of mullite, especially if this secondary phase proves detrimental to the ballistic performance of the composite. 

The formation of mullite is likely due to the initial oxidation of SiC, promoted by impurities present in the 

material (1.2 wt.% free SiOX), which leads to the formation of SiO2. At temperatures above 1600°C, this silica 

can then react with alumina to form mullite [18,36] through the following reaction : 

 
3 Al2O3 (s) + 2 SiO2 (s) → 3A12O3·2SiO2(s) (4) 

The next step of the study will focus on optimizing the sintering parameters, specifically by increasing dwell 

time and applied pressure, to lower the sintering temperature while ensuring sufficient densification and 

minimizing the formation of secondary phases such as mullite. 

III.2. Optimization of the sintering conditions 

III.2.1. Preliminary Study  

Optimization of the sintering parameters for Al2O3-SiC composites begins with the determination of the 

temperature required to achieve full densification, regardless of composition. To this end, a series of SPS 

experiments was carried out at 1800°C under an increased uniaxial pressure of 80 MPa, still without isothermal 

dwell time. The goal was to determine, for each composition, the temperature at which shrinkage ceases, 

marking the effective end of densification (Fig. 6). 

 

Fig. 6. Effect of SiC content on displacement curves during sintering of Al2O3-SiC composites at 1800°C under 80 

MPa, without dwell time. 

The results show a progressive increase in this final shrinkage temperature with increasing SiC content (Table 

1). For example, pure alumina exhibits a final shrinkage temperature of approximately 1290°C, while this 

value rises to 1650°C for the composite containing 30 vol.% SiC. 
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Table 1. Final shrinkage temperature, relative density and grain size of Al2O3 and Al2O3-SiC composites as a function 

of SiC content after sintering at 1800°C. 

SiC content 

(vol.%) 

Final shrinkage 

temperature (°C) 

Relative density 

(%) 

Grain size of alumina 

(µm) 

0 1290 99 ± 1 16.6 ± 0.6 

1 1410 99 ± 1 9.1 ± 0.4 

2 1440 99 ± 1 7.9 ± 0.4 

5 1480 99 ± 1 4.2 ± 0.5 

10 1510 99 ± 1 2.9 ± 0.4 

15 1540 99 ± 1 1.2 ± 0.2 

20 1575 99 ± 1 0.8 ± 0.1 

25 1600 99 ± 1 0.7 ± 0.1 

30 1650 98 ± 1 0.5 ± 0.1 

This trend is attributed to several mechanisms induced by the presence of SiC within the alumina matrix. 

Firstly, due to its highly refractory nature, SiC does not actively contribute to sintering mechanisms within the 

temperature range typically used for alumina. Secondly, the incorporation of SiC reduces the number of Al2O3 

-Al2O3 grain contacts, which are essential for efficient diffusion and grain boundary mobility. The increased 

fraction of Al2O3-SiC heterogeneous interfaces leads to higher interfacial energies and lower mass transport 

efficiency, thereby hindering grain boundary migration and limiting grain growth [44]. Moreover, the potential 

presence of silica on the surface of SiC particles, either as an impurity or formed by oxidation, can result in 

the formation of glassy or reactive phases. These secondary phases may locally reduce diffusion coefficients 

and even promote unwanted reactions, such as the formation of mullite at high temperature. 

As a result, above 25 vol.% SiC, the final shrinkage temperature exceeds 1600°C, highlighting the need for 

careful optimization of sintering parameters to avoid secondary phase formation and ensure microstructural 

integrity. Despite these challenges, all composites reached a relative density of 99%, except the composition 

with 30 vol.% SiC, which exhibited a slightly lower final density, around 98%. XRD analysis (Fig. 7) 

confirmed the formation of mullite in composites containing at least 5 vol.% SiC. Although not detected at 

lower concentrations, the formation of mullite at these levels remains probable, but likely falls below the 

detection limit of the technique. 

 

Fig. 7. X-ray diffraction patterns (15–30° range) of Al2O3-SiC composites sintered at 1800°C. 
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Fig. 8 presents the evolution of the microstructure as a function of SiC volume fraction. Under identical 

sintering conditions (1800°C), a significant refinement of the alumina grain size is observed with increasing 

SiC content. This refinement is particularly marked at lower SiC fractions: from 16 µm for pure alumina to 

approximately 1.2 µm for the composite containing 15 vol.% SiC. Beyond this composition, the grain size 

continues to decrease, though more gradually, reaching about 0.5 µm at 30 vol.% SiC (Table 1). This behavior 

supports the hypothesis that SiC particles reduce grain boundary mobility, a phenomenon commonly referred 

to as grain boundary pinning by secondary phases, and already documented in the Al2O3-SiC system [45–47]. 

Microstructural observations further suggest that above 15 vol.% SiC, grain growth is effectively suppressed, 

resulting in an alumina grain size that closely approaches that of the starting powder. 

 

Fig. 8. Microstructures of Al2O3-SiC composites sintered at 1800°C as a function of SiC volume fraction. 

SiC clearly acts as a strong inhibitor of grain growth during the sintering of the alumina matrix. The SiC 

particles, highlighted in yellow, appear as small bright inclusions uniformly dispersed throughout the 

microstructure. At low content, they are predominantly entrapped within alumina grains, in an intragranular 

position (Fig. 9a). This is attributed to rapid grain growth at high temperature, which traps the fine SiC particles 

during grain development. 
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Fig. 9. High-magnification microstructures of Al2O3-SiC composites sintered at 1800°C with 10 and 30 vol.% SiC. 

In contrast, at higher SiC contents (Fig. 9b), the localization of the SiC particles depends on their size. The 

finer particles remain intragranular, while coarser, angular particles, often similar in size or larger than the 

alumina grains, do not integrate into the matrix. These particles are instead located at grain boundaries or along 

the edges of alumina grains, often in close proximity but without forming true intergranular bonding. 

III.2.2. Sintering optimization 

To refine the microstructure and enhance the properties of the composites, sintering temperatures were adjusted 

for each composition, particularly for those containing less than 15 vol.% SiC, where significant grain growth 

was still observed. An additional objective was to suppress the formation of mullite. To achieve this, the initial 

sintering parameters (1800°C, no dwell time) were modified by lowering the temperature and introducing a 

10 min dwell, in order to maintain sufficient densification. Furthermore, while the initial sintering experiments 

were performed on 30 mm diameter samples, this optimization campaign was carried out using 60 mm samples 

to directly match the final dimensions required for subsequent ballistic testing. 

The optimal sintering temperature for pure alumina had been previously established at 1250 °C from our earlier 

experimental studies. However, the temperature corresponding to maximum shrinkage, determined from the 

displacement curves (Fig. 6), was approximately 1290°C. This indicates that the optimized temperature 

corresponds to roughly 97% of the maximum shrinkage temperature. This 97% rule was therefore adopted as 

a predictive strategy to determine the optimized sintering temperature for all compositions. 

Initial sintering trials were conducted at these predicted temperatures. If the relative density achieved was 

below 99%, the temperature was gradually increased until the target densification was reached. The final 

results are presented in Fig. 10, which plots the maximum shrinkage temperature, the predicted (97%) 

temperature and the final optimized sintering temperature, each as a function of SiC content. 

 

Fig. 10. Final shrinkage temperatures, predicted temperatures and optimized sintering temperatures for all Al2O3-SiC 

composite compositions. 

These new sintering parameters, combining a reduced temperature with a 10 min dwell, enabled the achievement of a 

relative density close to 99% for all composite compositions ( 
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Table 2. Relative density of Al2O3 and Al2O3-SiC composites sintered under optimized conditions as a function of SiC. 

SiC content 

(vol.%) 
0 1 2 5 10 15 20 25 30 

Relative density 

(%)  

99.2 

± 0.1 

99.1 

± 0.3 

98.9 

± 0.1 

99.0 

± 0.2 

99.0 

± 0.2 

98.9 

± 0.1 

98.6 

± 0.2 

98.7 

± 0.2 

98.6 

± 0.1 

However, for the 25 and 30 vol.% SiC formulations, the temperatures required to reach full densification still 

fall within the range associated with mullite formation. XRD patterns obtained under these optimized 

conditions (Fig. 11) confirm the presence of mullite, although in significantly lower quantities compared to 

the initial 1800°C trials. Rietveld refinement indicated a mullite content of ~1 wt.% in the 30 vol.% SiC 

composite, while remaining close to the detection limit for the 25 vol.% composition. 

 

Fig. 11. XRD patterns of Al2O3 and Al2O3-SiC composites for 0-15 vol.% SiC (a) and 20-30 vol.% SiC (b).  

The microstructures of the composites sintered under optimized conditions are shown in Fig. 12. For low SiC 

contents, the microstructure appears homogeneous, with predominantly equiaxed grains. Starting from 

10 vol.% SiC, a slight morphological heterogeneity emerges, characterized by a mixture of equiaxed, 

elongated, and angular alumina grains. In pure alumina, the residual porosity is mainly intergranular, whereas 

in the composites it becomes predominantly intragranular and increases slightly with higher SiC content. This 
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trend correlates with the relative density measurements, as increasing SiC content leads to a gradual decrease 

in densification. The effect is particularly pronounced for the 20-30 vol.% SiC composites, where higher 

residual porosity is observed, in line with their lower relative density determined by the Archimedes method. 

 

Fig. 12. Microstructures of Al2O3 and Al2O3-SiC composites sintered under optimized conditions as a function of SiC 

volume fraction. 

Compared to the composites sintered at 1800°C, a significant reduction in grain size was observed for all 

compositions, particularly for SiC contents below 15 vol.%, as shown in Fig. 13. Grain size initially decreases 

from 0.5 µm for pure alumina to 0.23 µm with 2 vol.% SiC. Beyond this point, grain size remains relatively 

stable, ranging between 0.2 and 0.35 µm, despite the higher sintering temperatures required for densification. 

 

Fig. 13. Comparison of grain sizes in Al2O3-SiC composites sintered at 1800°C and using optimized cycles. 
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Comparing composites sintered under uniform conditions with those processed using optimized cycles for 

each composition clearly shows that the presence of SiC effectively limits grain growth in alumina. However, 

most studies report that this grain growth inhibition becomes more pronounced as the SiC content increases, 

primarily because the same sintering cycle is typically applied to all compositions [13,14,21,48]. These studies 

also report a decrease in relative density with increasing SiC content, as their sintering parameters are more 

suitable for low SiC concentrations. In contrast, when optimized sintering conditions are applied to each 

composition individually, the grain size remains largely consistent across the entire composition range. 

III.3. Mechanical properties 

The mechanical properties of the pure Al2O3 and Al2O3-SiC composites were assessed through Vickers 

hardness, fracture toughness, and Young’s modulus measurements. To benchmark their performance, the 

hardness and Young’s modulus values were compared with those of commercial reference ceramics. 

The evolution of Vickers hardness as a function of SiC content is presented in Fig. 14. For comparison, the 

hardness values of composites sintered under the same conditions (1800°C) are also included in the figure. 

When sintered at 1800°C, a monotonic increase in hardness with increasing SiC volume fraction is observed, 

rising from 16.8 GPa for pure alumina to 23.3 GPa for the composite containing 30 vol.% SiC. This 

improvement is primarily attributed to the progressive refinement of the microstructure, consistent with the 

Hall-Petch effect, as well as the increasing incorporation of SiC, which is intrinsically harder than alumina 

[11,21]. These results are consistent with previous studies [14,23], which reported that the addition of SiC 

enhances the overall hardness of the composite due to its intrinsic hardness. 

By optimizing the sintering temperature, the hardness of pure alumina increases markedly. It rises from 

16.8 GPa when sintered at 1800°C to 22.1 GPa in the optimized cycle, which represents an improvement of 

approximately 31%. This improvement is explained by a substantial reduction in alumina grain size from 16 

µm to 0.5 µm. A temperature of 1800°C is not at all suitable for sintering alumina. However, this beneficial 

effect of temperature optimization becomes progressively less pronounced as the SiC content increases. For 

composites containing SiC, the hardness shows only minor changes with increasing SiC fraction. After a slight 

initial increase at 1 and 2 vol.% SiC, it remains relatively stable and reaches 24.0 GPa at 30 vol.% SiC, which 

is consistent with values reported in the literature [49,50], typically ranging from 21 to 25 GPa for Al2O3-SiC 

composites. This diminished impact of optimization at higher SiC contents is consistent with the fact that the 

temperature difference between the standard 1800°C cycle and the optimized cycle decreases for these 

compositions, which limits further gains in densification and microstructural refinement. Furthermore, the 

overall stability in hardness across all compositions likely reflects the preservation of a similar grain size 

throughout the series (Fig. 13) and is less a result of the addition of SiC itself, even though SiC contributes to 

the composite’s hardness through its own high intrinsic hardness. 
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Fig. 14. Vickers hardness of pure Al2O3 and Al2O3-SiC composites as a function of SiC content, comparing samples 

sintered at 1800°C and with optimized cycles, along with commercial alumina and SiC references. 

Although slightly lower than that of the Hexoloy SA grade, the hardness of the composites remains very 

similar, with the 30 vol.% SiC composite reaching 24.0 GPa compared to 24.3 GPa for Hexoloy SA SiC. These 

high hardness values clearly demonstrate the potential of Al2O3-SiC composites. In contrast, the commercial 

alumina reference (ALOTEC 99 SB) shows a significantly lower hardness of 15.3 GPa, underscoring the 

importance of microstructural optimization achieved through the tailored sintering cycles. This commercial 

alumina is characterized by a grain size of around 10 µm, which is much closer to the 16 µm grain size and 

16.8 GPa hardness observed in the alumina sintered at 1800°C without optimization. Its lower hardness can 

also be partly attributed to the use of approximately 1 wt.% sintering aid during industrial processing. 

Fig. 15 shows the evolution of fracture toughness as a function of SiC content. An initial decrease in fracture 

toughness is observed up to 2 vol.% SiC, which can be attributed to the significant increase in hardness at low 

SiC levels, in line with the well-known inverse relationship between hardness and fracture toughness. Beyond 

this threshold, a marked improvement in fracture toughness is recorded as the SiC content increases, reaching 

a maximum value of 4.5 MPa.m1/2 at 25 vol.% SiC. 

 

Fig. 15. Fracture toughness of pure Al2O3 and Al2O3-SiC composites sintered under optimized conditions as a function 

of SiC content. 
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This enhancement is primarily associated with extrinsic toughening mechanisms such as crack deflection and 

crack bridging, promoted by the presence of SiC particles. Similar observations were reported by Niihara et 

al. [11], who demonstrated the effectiveness of SiC particles in arresting crack propagation. In parallel, the 

mismatch in thermal expansion coefficients between alumina and SiC generates localized residual stresses 

during cooling. These stresses can activate dislocation generation and enlarge the crack-tip process zone. 

Acting synergistically with the crack-deflection mechanisms, these stresses contribute positively up to 25 

vol.% SiC, thereby reinforcing the increase in fracture toughness. 

At 30 vol.% SiC, however, the beneficial effect of residual stresses is lost. Their higher intensity promotes 

microcracking and reduces grain boundary cohesion, while the formation of mullite further weakens the 

microstructure. Together, these effects explain the slight decrease in fracture toughness observed at this 

composition. Additionally, the evolution of fracture toughness is also influenced by the fracture mode, as 

illustrated in Fig. 16, which shows the microstructural features of the fracture surfaces. 

 

Fig. 16. Fracture surfaces of pure Al2O3 and Al2O3-SiC composites sintered under optimized conditions. 

Pure alumina exhibits a predominantly intergranular fracture mode. The addition of small amounts of SiC (1 

and 2 vol.%) leads to a mixed fracture mode, combining intergranular and transgranular features, which may 

contribute to the initial drop in fracture toughness. At higher SiC contents, the fracture becomes predominantly 

transgranular, promoting crack deflection through grains and a progressive increase in toughness. This 

transition in fracture mode, directly influenced by the microstructure induced by the presence of SiC particles, 

suggests that the distribution and integration of the SiC within the matrix strongly affect the energy dissipation 

mechanisms and, consequently, the overall mechanical behavior of the composite.  

Furthermore, the observed changes in fracture behavior also highlight the importance of the good compatibility 

between the alumina matrix and SiC particles, as well as the effectiveness of the mixing protocol used. The 

apparent homogeneity of the microstructures across different compositions indicates that both precursors are 
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well-suited and that the mixing process ensures a uniform dispersion of SiC within the matrix, which is crucial 

for achieving consistent and predictable mechanical properties. 

The effect of SiC addition on Young’s modulus is shown in Fig. 17. The modulus remains relatively constant 

up to 20 vol.% SiC, with a value in the range 390-400 GPa. For higher SiC contents, an upward trend seems 

to be emerging, with values of 400 and 407 GPa respectively for 25 and 30 vol.% SiC. This enhancement is 

primarily due to the higher stiffness of SiC (450-490 GPa) compared to that of alumina (380-400 GPa). The 

measured values fall between those of the commercial SiC reference (423 GPa) and ALOTEC 99 alumina 

(372 GPa), suggesting that the stiffness behavior follows a rule of mixtures trend between the two phases. 

 

Fig. 17. Young’s modulus of pure Al2O3 and Al2O3-SiC composites sintered under optimized conditions, as a function 

of SiC content with comparison to commercial alumina and SiC references. 

Overall, the mechanical characterization of Al2O3-SiC composites highlights the already remarkable properties 

of pure alumina when sintered under optimized conditions, with significant improvements in hardness and 

microstructural refinement compared to conventional cycles. This high-quality baseline limits the potential 

gains achievable through composite design, as the hardness and Young’s modulus of the composites show 

only modest increases with added SiC. In contrast, the most significant improvement observed with increasing 

SiC content lies in fracture toughness, which benefits from the transition to a more transgranular fracture mode 

and enhanced crack-deflection mechanisms. The optimal composition, identified around 25-30 vol.% SiC, 

offers a balanced enhancement in fracture toughness while maintaining high hardness and stiffness. Such a 

combination remains attractive for applications requiring resistance to impact, wear and crack propagation, 

such as ballistic protection systems. 

III.4. Ballistic performance 

The residual depth of penetration measured for the pure Al2O3 and Al2O3-SiC composite tiles is presented in 

Fig. 18, presenting individual shot values along with averages, and are compared to commercial Al2O3 and 

SiC references. Compositions containing 1 and 2 vol.% SiC were excluded from fabrication and testing 

because they exhibit mechanical properties similar to those of the 5 vol.% SiC composition, reducing the 

number of targets required. 

It is important to note that some degree of scatter is observed in the DOP results. This variability is normal for 

brittle materials under ballistic impact and is also seen in industrially produced reference ceramics. While 

commercial SiC tends to be highly reproducible, some variability still exists. This dispersion can be attributed 
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to variations in target properties (such as microstructure and density), projectile characteristics (including 

mass, velocity, material and shape), and experimental conditions (such as surface finish, impact angle, target 

thickness, mounting method and environmental factors). 
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Fig. 18. Residual depth of penetration in pure Al2O3 and Al2O3-SiC composites compared to commercial alumina and 

SiC references as a function of SiC content. 

The ballistic characterization begins with the assessment of pure alumina, which already shows improved 

performance compared to the commercial alumina reference (ALOTEC 99 SB). The average residual depth of 

penetration decreases from 17.5 mm for ALOTEC to 15.6 mm for pure alumina, corresponding to an 

improvement of approximately 11%. However, despite this enhancement, pure alumina remains significantly 

less effective than the commercial SiC reference, which achieves an average residual DOP of 7.25 mm. 

When introducing SiC into the alumina matrix, the overall trend shows a reduction in residual DOP up to 

25 vol.% SiC, after which the performance slightly declines at 30 vol.% SiC. The 25 vol.% SiC composite 

achieves the best performance among the tested compositions, with an average residual DOP of 10.9 mm (Fig. 

19). This corresponds to a reduction of approximately 30% compared to pure alumina, and it represents a 

narrowing of the gap with commercial SiC, offering a promising intermediate solution at lower cost. 

 

Fig. 19. Residual depth of penetration for pure Al2O3 (a) and Al2O3-SiC composite with 25 vol.% SiC (b). 
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It should be noted that while the general trend is one of decreasing DOP with increasing SiC content, the 

variation is not perfectly linear. The drop in DOP is particularly clear when excluding the 30 vol.% SiC 

composition, where the presence of mullite and the possible amplification of residual stresses are assumed to 

negatively affect fracture toughness and grain boundary cohesion. These factors likely contribute to the slight 

rebound in penetration depth observed at this composition. This indicates that the 25 vol.% SiC composition 

stands out as the optimal formulation, even though its superior performance is not fully predicted by a simple 

monotonic trend with SiC content. 

The improvement in ballistic performance can primarily be attributed to the increase in fracture toughness with 

SiC addition, while other mechanical properties such as hardness and Young’s modulus show more limited 

changes. The higher toughness promotes more effective crack deflection and energy dissipation upon impact, 

which is crucial given the very thin target thicknesses tested here (around 2.3 mm for pure alumina, increasing 

slightly to 2.42 mm for the 25 vol.% SiC composite). This small increase in thickness, enabled by the lower 

density of SiC while maintaining constant areal density, also contributes modestly to performance [7].  

These observations are consistent with results in the literature, such as those reported by Azarafza et al. [30], 

who demonstrated through numerical simulations that adding 10 vol.% SiC significantly improves the ballistic 

resistance of alumina-based materials due to enhanced fracture toughness and flexural strength. As expected, 

the commercial SiC reference remains superior overall, with residual penetration depths ranging from 6.2 to 

8.0 mm. Nonetheless, the best-performing composite with 25 vol.% SiC achieves approximately 8.6 mm 

residual penetration, a relatively small difference that underscores the potential of Al2O3-SiC composites as a 

cost-effective alternative for ballistic protection systems. 

These findings underline the value of performing multiple tests to obtain robust assessments of ballistic 

performance, particularly given the inherent variability of brittle materials. Further experimental work with 

additional samples would help strengthen the statistical reliability of these results and deepen the understanding 

of the relationships among processing parameters, microstructure, mechanical properties and ballistic 

behavior. In parallel, advanced characterizations, such as residual stress measurements by diffraction or high-

resolution TEM analyses of crack-particle interactions, would provide deeper insight into the micromechanical 

mechanisms responsible for the observed ballistic performance. 

In conclusion, the Al2O3-SiC composites developed in this study, and especially the 25 vol.% SiC composition, 

offer a promising balance between cost and performance, demonstrating their potential as effective solutions 

for lightweight ballistic protection applications. 
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CONCLUSION 

This study aimed to develop cost-effective Al2O3-SiC composites with improved ballistic performance through 

controlled processing. Using planetary ball milling and optimized SPS cycles tailored for each composition, 

high-density materials with refined microstructures were achieved while minimizing unwanted phases like 

mullite. 

For pure alumina, the optimized cycle delivered remarkable improvements, reducing grain size from 16 µm to 

about 0.5 µm and increasing hardness by 31% (from 16.8 GPa to 22.1 GPa), clearly outperforming commercial 

alumina (ALOTEC 99 SB). Adding SiC further inhibited grain growth and primarily enhanced fracture 

toughness, which peaked at 4.5 MPa·m1/2 for the 25 vol.% SiC composite, due to effective crack deflection 

and bridging. Hardness and Young’s modulus increased more modestly. 

A small amount of mullite was detected at higher SiC contents, slightly lowering mechanical and ballistic 

performance at 30 vol.% SiC. Ballistic tests on thin tiles confirmed the benefit of SiC addition: the 25 vol.% 

composite reduced residual DOP by 30 % compared to pure alumina (from 15.6 mm to 10.9 mm), approaching 

the performance of commercial SiC (7.25 mm). 

Although some variability was observed, typical of thin brittle targets, these results demonstrate the potential 

of Al2O3-SiC composites, especially at 25 vol.% SiC, as promising, cost-effective solutions for lightweight 

ballistic protection. Further tests with more samples would help confirm and refine these promising trends. 
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