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Abstract 

There is a growing interest in the development of composites with complex structures 

designed to generate enhanced mechanical properties. The challenge is how to implement 

these structures in practical materials with the required degree of control. Here we show how 

freeze casting of ceramic preforms combined with metal infiltration can be used to fabricate 

Al2O3/Al-4wt% Mg micro-laminated composites. By manipulating the solid content of the 

suspension and the morphology of the ceramic particles (from platelets to round particles) it 

is possible to access a range of structures with layer thickness varying between 1 to 30 m 

and metallic contents between 66 to 86 vol.%. The mechanical response of the materials is 

characterized by combining bending tests with observation of crack propagation in two and 

three dimensions using different imaging techniques. These composites are able to combine 

high strength and toughness. They exhibit a rising R-curve behaviour although different 

structures generate different toughening mechanisms. Composites fabricated with Al2O3 

particles exhibit the highest fracture resistance approaching 60 MPa.m1/2, while laminates 

prepared from Al2O3 platelets exhibit higher strengths (above 700 MPa) while retaining 

fracture resistance up to ~40 MPa.m1/2. The results provide new insights on the effect of 

structure on the mechanical properties in metal-ceramic composites as well as on the design 

of appropriate testing procedures.  

1. Introduction  

The advance of many technological fields, from healthcare to aeronautics, relies on the 

development of new materials with unconventional combinations of mechanical properties. 



Among these, ceramic-based composites are often chosen for their better corrosion and wear 

resistance, enhanced chemical and thermal stability, high flexural strength and hardness that 

make them suitable for demanding applications. However, the performance of ceramics is 

often limited by their brittle behaviour. The achievement of both strength and toughness is an 

essential requirement for many structural materials but these properties are often mutually 

exclusive[1]. Strong and hard materials with limited deformation such as ceramics tend to be 

brittle but toughness can be generated by extrinsic mechanisms that, acting behind the crack 

tip, shield locally the stress, generating fracture resistance. Several strategies have been 

engineered to maximize the toughness of monolithic ceramics such as crack deflection, grain 

or fibre bridging[2]. However, the values achieved so far are much lower than those of 

metals. Metal matrix composites (MMCs) are candidates to overcome this problem [3]. 

Among the different types of MMCs so far developed, laminates exhibit some of the most 

efficient toughening strategies[4]–[7]. The metallic ductile phase, after initial crack 

propagation in the ceramic layers, tends to remain intact and bridges the opening crack 

increasing the crack-propagation resistance of the material.  

Metal matrix composites have been fabricated from mixtures of ceramic and metallic 

powders. However, this approach hampers structural control. Good powder dispersion is not 

always easy to achieve and aggregation is often observed [8]. Infiltration of porous ceramic 

preforms with a liquid metal is an attractive alternative to produce interpenetrated composites 

with a wide variety architectures and metal contents [9]. Infiltration usually requires the 

application of pressure – e.g. squeeze casting, gas pressure infiltration and high-pressure die 

casting infiltration – what may lead to failure of the ceramic preforms during fabrication. 

Therefore these conventional techniques are not appropriate for highly porous preforms [10]. 

Pressureless infiltration, such as in the Lanxide process [11], is an attractive alternative due to 

its cost effectiveness and near-net-shape capability [12]. However, it is usually accompanied 

by reactions at the metal-ceramic interface and the types of alloys that can be used are 

limited.  One of better known systems, as reported by Aghjanian et al.[13], is the spontaneous 

infiltration of an alumina preforms by Al-4wt% Mg (Al-4Mg) alloys. Aluminium alloys are 

also attractive materials to produce MMCs due to their low density, good corrosion 

resistance, high thermal and electrical conductivity and high ductility. 

In order to optimize the mechanical performance of a composite, it is extremely important to 

control accurately its structure at multiple length scales [14]. This kind of control is well 

exploited by Nature in the production of damage tolerant materials that are at the same time 



strong and tough [15]. The design of natural structures such as bone, seashells or teeth, is 

based on highly hierarchical architectures where an inorganic phase is cleverly interlayered 

with an organic component that acts as compliant phase. These composites show 

characteristic structural features at multiple length scales, from molecular to macroscopic 

dimensions. In this way, natural materials can generate both intrinsic and extrinsic 

toughening mechanisms within the same structure. In the last decades many researchers have 

attempted to replicate this type of architectural organization in artificial materials, as 

corroborated by the large number of publications in the field of bio-inspiration [16]–[19]. 

Some of these publications deal with the development of ceramic-based composites that use 

metals as the “soft” phase. However, man-made materials are still far from fully replicate the 

complex and intricate hierarchical structure of natural ones [15]. In general, conventional 

ceramic processing techniques (slip/tape-casting, hot pressing, chemical vapour deposition 

etc.) cannot generate the complex hierarchical organization at many different length scales 

necessary to simultaneously enhance strength and toughness. In response to this challenge, 

processing techniques such as freeze casting (ice-templating) [16], [17], [19], [20] or more 

recently magnetically assisted slip casting [21] have been developed. Because these are a new 

class of composites, with unique combinations of mechanical properties, a deep 

understanding of the relationships between structure and mechanical response encompassing 

the influence of structural parameters acting at multiple length scales is still needed.  

In this study we analyse the mechanical performance of micro-laminated alumina-aluminium 

composites fabricated through the pressureless infiltration of freeze casted alumina preforms.  

Traditionally, metal-ceramic layered composites combining different materials, e.g. 

Nb/Nb3Al [7], Al/Al2O3, Ni/Al2O3 or Cu/Al2O3, have been produced by hot pressing [5], [6], 

[22] This approach can be used to build materials with layer thickness ranging from 50 to 500 

µm. More recently layered composites have been fabricated through the infiltration of freeze-

casted ceramic preforms [16], [23]–[26]. However, the process usually requires the use of 

pressure. In this work we use pressureless infiltration of alumina preforms with Al-4Mg to 

fabricate bulk ceramic-metal layered composites. This approach allows the infiltration of 

highly porous preforms (>80%) with ceramic layer thickness down to 4-5 µm that cannot be 

easily achieved by other means. In order to manipulate the composite structure, here we use 

two different alumina particle morphologies to fabricate the preforms: sub-micron “round” 

particles or platelets [27]. By controlling the freeze casting conditions we are able to prepare 

layered preforms with different residual porosity and microstructural features. Mechanical 



testing is combined with two (optical and scanning electron microscopy) and three (X-ray 

tomography) dimensional characterization techniques to develop an understanding of the 

effect of structure in the development of strength and toughness.  

2. Materials and methods 

2.1 Sample preparation Freeze casting of water-based alumina particles and 

platelets/particles suspensions was used to produce lamellar scaffolds as reported in other 

studies [16], [17], [27]–[29]. The alumina particles used were Baikalox SMA6 (Baikowski, 

France), with a nominal particle size of 0.3 µm, a specific surface area of 7 m2/g and no more 

than 70 ppm of impurities. Suspensions with solid contents of 9 and 20 vol.% (30 and 50 

wt%) were prepared. The alumina platelets (AlusionTM, Antaria Limited, Bentley, Western 

Australia) had a diameter and a thickness of 5-10 µm and 300-500 nm, respectively. To 

improve sintering between the platelets, water based suspensions with a total solid loading of 

9 vol.% (30 wt%) were produced using a bimodal distribution of platelets and particles in a 

ratio of 70:30 in weight. In both types of suspensions Dolapix type CA (Zschimmer and 

Schwarz GmbH and Co., Germany) was used as dispersant, polyvinyl alcohol (PVA) 22000 

(VWR, Belgium) as binder and sucrose type Anala R Normapur (VWR, Belgium) as lamellae 

shaping additive. Sucrose was added to the suspension in order to induce the formation of 

micro-roughness on the lamellae walls and small bridges between them that play both a 

critical role on the shear at the ceramic-metal interface [30]. Slurries containing only alumina 

particles were ball milled overnight with alumina milling media. Before freezing, the slurries 

were de-aired at least for 1hr to remove entrapped air bubbles. To avoid any damage to the 

platelets only the particles used as sintering aid were ball milled overnight. After removing 

the milling balls, the alumina platelets were added and the suspension was sonicated for at 

least 30 min. and mixed in a turbula mixer overnight. Afterwards, a de-gassing step was used 

in both cases.  

After de-gassing, all the suspensions were directionally frozen at a controlled rate to promote 

ice crystal growth. The suspensions were placed in a Teflon® mould on top of a copper cold 

finger whose temperature was decreased at a controlled rate of 5 or 15 °C/min. When 

platelets were used the cold finger cooling rate was 5 °C/min to induce better platelet 

alignment within the lamellae [27], [31]. To better align the ice crystals during their growth 

and therefore the ceramic lamellae in the final microstructure, a patterned cold finger was 

used. The patterning consisted of insulated tape covering the cold finger in which parallel 



scratch with a separation of ~1 mm were produced with a scalpel to ensure more controlled 

nucleation sites for the ice crystals[30]. The frozen samples were then freeze-dried (Freezone 

4.5, Lobconco, USA) and the green bodies sintered in a conventional furnace (Ultratherm, 

Pyrotherm Ltd, UK) in air. The temperature was raised at 1 °C/min up to 1000 °C and held 

for 1 hour to burn out of the binder. Afterwards the temperature was increased at 5 °C/min to 

1550 °C and held for two hours.  

The porous ceramics were infiltrated with molten Al-4Mg alloy (5083 Al-alloy, Smithmetals, 

UK) using a pressureless process. Infiltration was carried out in a tubular furnace (Lenthon, 

UK). The sintered alumina scaffolds were placed on top of aluminium alloy pieces inside an 

alumina crucible. The tube was flown with nitrogen for 1 hour to reduce the oxygen in the 

system. Several aluminium alloy pieces were usually placed right before the sample to be 

infiltrated, as external getter to reduce the concentration of oxygen inside the tube [13]. The 

furnace was heated at 35 °C/min to 400 °C where the temperature was held for 30 minutes. 

The temperature was then increased up to 950 °C for 180 minutes to complete the infiltration.  

2.2 Microstructural characterization 

The microstructures of the materials were analysed via scanning electron microscopy (SEM, 

Leo Gemini 1525). The Archimedes method (Sartorius, YDK01, Goettingen, Germany) was 

used to evaluate the density and porosity of the freeze casted porous scaffolds. Phase 

composition analysis was performed by X-ray diffraction (XRD, PAN-analytical, Almelo, 

Netherlands). Scan data were collected with CuKα (λ=1.54178 Å) radiation at a step size of 

0.1° and 150 s for step. Metal deformation, after mechanical testing, was analysed via 

transmission electron microscopy (TEM, JEOL 2100F, USA) operating at 200kV. Two TEM 

specimens were prepared by FIB milling from the cross-sectional surface of a sample after 

the bending test, using a 203 Helios NanoLab 600 instrument (2−30 keV Ga+ incident beam 

energy 204 with currents of 16 pA−21 nA). One is from the Al region next to the crack path 

and another from the Al layer which is about 1 cm away from the crack path and close to the 

horizontal neutral axis of the bending sample. TEM was carried out on a JEOL 2100F 

microscope operating at 200 kV.  Bright field images were taken under the STEM mode 

along the [011] zone axis to supress contrasts from thickness fringes and bend contours for 

the analysis of dislocation densities. 

 



2.3 Mechanical characterization  

A water-cooler low-speed diamond blade (500 µm thick) was used to cut rectangular beams 

for bending tests (20x2x3 mm3) with the tensile faces parallel to the ceramic layers. The 

tensile faces were mirror polished. For all the mechanical tests 5 to 10 bars were tested. Four-

point bend tests were performed to generate load-deflection (force-displacement) curves and 

evaluate the flexural strength employing standard linear-elastic relations. The experiments 

were carried out using an INSTRON 8500 machine. The tests were performed on un-notched 

composite bars using support (S) and loading (L) span of 18 mm and 9 mm respectively. The 

displacement rate was set as 0.05 mm/min in general accordance with ASTM standards 

(E1820).  

Single-edge notched specimens (SENB) were used to evaluate the fracture toughness KIc and 

crack resistance curve (R-curve). An initial notch was cut in the specimens with a low-speed 

blade and was subsequently sharped with a razor blade using a 1 µm diamond paste. Sharp 

notches (with final radius ranging between ~20 and 50 µm) of almost half (a/W~0.5) of the 

thickness of each specimens were obtained for the R-curve measurements to favour a more 

stable crack propagation[32]. To evaluate the influence of sample geometry on the R-curve 

samples with larger dimensions were also tested (20x3x3 mm3 and 20x4x3 mm3, the latter 

geometry with two different a/W ratios, 0.25 and 0.5). In accordance with the standard 

(ASTM-C1421), the notch size of SENB specimens for KIc measurements were between 0.2 

and 0.3 of the total width W. The orientation of the notch was such that the crack would grow 

perpendicularly to the ceramic layers (crack-arrested orientation). KIc values were determined 

by monotonically loading the bars until failure at constant displacement rate of 0.01 mm/min. 

Three (3PB) and four-point (4PB) bending test were performed to compare the test conditions 

on the plane-strain fracture toughness KIc. The work of fracture was evaluated from the area 

under the load-displacement curves obtained from 4PB tests. A similar configuration was 

used for the R-curve measurements, with a testing rate of 0.01 mm/min. Beam deflection was 

measured using a Linear Variable Differential Transformer (LVDT), with a precision of 1 

µm. The beams were loaded until crack propagation was observed in the load/displacement 

curve (change in the compliance of the material). The specimen was then unloaded and the 

crack was measured with an optical microscope (Axiophot, ZEISS, Germany). Crack path 

and damage evolution during R-curve tests were also examined under the same conditions 

using SEM and X-ray tomography (Phoenix vTomeX/X ray, Germany) to compare different 

observation techniques. For the X-ray tomography a maximum and an average values have 



been considered due to the difficulty to define a single crack length.  The scan resolution was 

2 µm. The average has been evaluated measuring the crack length at different position along 

the sample’s width. Measurements of crack propagation after several loading and unloading 

cycles were taken with the precaution of loading the sample always in the same position.  

Digital Volume Correlation (DVC) analysis was performed on X-ray tomography images 

acquired every loading-unloading cycle, in order to evaluate the crack location and the 

residual displacement field induced by the development of the non-linear process zone and 

the influence of the material microstructure. As it has been shown already in previous studies 

[33]–[35] the correlation error can be considered a good indicator for detecting the crack 

surface. The DVC used herein is based on finite elements as proposed in [33], [34] and 

applied to ceramics in [36]. A regular mesh of 8-node cubic finite element is used to define 

the region of interest. The length of the element edges is 24 µm. For the study of the crack 

propagation and the influence of the material structure, the correlation error for each analysis 

was examined. This error allows recording the difference between the reference image and 

the deformed one in terms of grey levels. In case of continuous displacement the correlation 

error reduces to image noise, meanwhile in case of a discontinuity, the local mismatch 

between the real and the measured displacement leads to a local correlation error 

concentration. A volume of correlation can be obtained if the correlation error is computed 

voxel-wise in the region where the crack is located. This error map is thresholded in order to 

keep the voxel with higher error level only, which define the crack surface.  

Nonlinear elastic fracture mechanisms analysis was used to evaluate fracture resistance of the 

samples as the crack propagated through the microstructure. The J-integral versus crack 

extension Δa, were estimated. In the J-integral two contributions were taken into account, the 

elastic Jel=KIc
2/E and the plastic Jpl=1.9Apl/Bb where E is the Young’s modulus, Apl is the 

plastic area under the load-displacement curve, B the specimen width and b the un-cracked 

ligament width. From the evaluation of J it is possible to extract the values of K with a 

sample J-K equivalence for nominally mode I fracture (KJ=(J·E) 1/2)[17]. The Young’s 

moduli E for each tested composite were conservatively estimated as the midpoint between 

the upper and lower bounds determined using the “rule of mixtures” defined by Voigt and 

Reuss models as already reported in previous studies [16], [17]. These boundaries were 

calculated considering E values for Al-4Mg of 73 GPa [37] and for Al2O3 of 400 GPa [32]. 

Elastic moduli of ~145 GPa and ~100 GPa were calculated for samples with respectively 

65% and 85% metal content. The experimental data were fitted with a model proposed by 



Bloyer et al. [7] to describe the bridging contribution to the overall near-tip stress intensity. 

The model proposed that the contribution given by the crack bridging can be calculated with 

the following equation: 

 

                                                                  𝐾𝑏 = ∫ 𝜎(𝑥)ℎ(𝑎, 𝑥)𝑑𝑥
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0
                                                 (1) 

 

where σ(x) is the traction distribution acting on the crack surface and h(a,x) is a weight 

function employed to estimate the stress intensity reduction caused by the crack shielding and 

L is the bridging zone length. For the SENB geometry the weight function can be written as: 
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where a is the crack length and the coefficients Aνµ are reported in the Table 1: 

 

3. Results  

3.1 Microstructure 

Directional freeze casting produced layered scaffolds with characteristic microscopic 

features. By controlling the cooling rate of the cold finger it was possible to force the vertical 

growth of lamellar ice crystals in the ceramic suspension. During their growth the ice crystals 

expelled the ceramic particles that remained entrapped between them. After water 

sublimation the lamellar pattern was reproduced in the ceramic green body (ice-templating). 

The microstructures were manipulated changing the freezing rate, the solid loading and the 

morphology of the alumina particles. The final porosities of the scaffolds after sintering and 

the lamellae thickness are reported in Table 2. They varied between ~66% to ~86%, the 

ceramic lamellae thickness between ~3 to ~10 µm and the metal layers thickness between 

~18 to 27 µm. The microstructures of the composites fabricated through the pressureless 

infiltration of Al-4Mg in the scaffolds are presented in Fig. 1.  

When platelets were used (in fact a bimodal distribution of platelets and particles) the solid 

loading of the suspensions was 9 vol.% and the cold finger cooling rate was 5 °C/min. It has 

been reported that slower cooling rates can be used to align better particles with high aspect 

ratio[19]. The final porosity of the preform in this case was slightly higher ~86% probably 



due to the remaining porosity between the platelets inside each lamellae, that did not sinter 

completely. The lamellae thickness was estimated to be around ~6 µm although it is difficult 

to define being each lamella formed by a nacre-like overlapping of platelets (Fig. 2). In a 

previous study the need for external pressure did not allow the infiltration of weaker 

preforms[16]. Pressureless infiltration allowed complete infiltration while avoiding preform 

failure. This approach allows the infiltration of highly porous preforms built using platelets 

that exhibit a relatively low compressive strength (4.9 ± 1.7 MPa). The residual porosity of 

the infiltrated composites measured using the Archimedes method is lower than 1% 

meanwhile X-ray tomography volume reconstructions gave values lower than 0.2%. After 

infiltration, it is possible to detect by X-ray diffraction the formation of AlN (due to the 

nitrogen atmosphere) and MgAl2O4 (Fig.3). 

 

3.2 Strength and fracture toughness  

Table 3 summarizes the ultimate strength and plane-strain fracture toughness KIc, in the 

direction perpendicular of the ceramic layers, and the work of fracture of the materials. 

Increasing the cooling rate has an effect on the final flexural strength of the composites, 

which increases as the thickness of the lamellae decreases. The composite produced using 

alumina platelets exhibited the highest flexural strength with a maximum value of 894 MPa 

and an average of 735 MPa. Stress versus displacement curves from flexural tests for the 

different composites show that samples with higher ceramic contents display a more brittle 

behaviour (Fig. 4). Moreover, platelet-based composites undergo a larger amount of 

deformation before failure. 

 The fracture toughness for crack initiation was evaluated in three and four point bending. 

Values in 3PB are ~20% higher than in 4PB. As already reported in previous studies [16], 

[17] refinement of the lamellae size at higher freezing speeds slightly increase the initial 

fracture resistance of the composite. Only 4PB was used to evaluate the fracture toughness of 

platelets based composites. Although the differences in KIc are minor, the overall work of 

fracture shows a tendency to increase as the metal content increases. 

3.3 R-curve: Measurement of the crack length and sample size influence 

SEM and optical microscopy confirm the cracking of ceramic layers (Fig.5a-b). Crack 

deflection and wide damage distribution were observed after several loading-unloading 

cycles. In the X-ray tomography reconstructions was possible to observe that the crack 

length, measured from error map or directly from the grey level values, varied along the 



width of the sample. It was larger at the centre as there may be variations between the sides in 

plane stress and the centre in plane strain (Fig.5c). These differences can cause errors in the 

measurement of crack length. A more precise localization of the crack can be done using the 

errors maps from DVC calculations. Figure 5d shows an error map superposed on the cross 

section of the material. It appears that the ceramic layers (in white) crack first while metal 

layers are intact in the wake of the crack.  

Figs 6a and b show the load-deflection curves and the calculated compliances for a particle-

based material. The compliance cannot be used to have an estimation of crack length in these 

materials as it is often proposed in ceramic-based structures, because it does not vary 

significantly due to the large irreversible displacement after unloading. R-curves were 

calculated using the direct evaluation of the crack length using different techniques. Even if 

the measurements are slightly different due to the different resolutions of the techniques, no 

significant variations were observed in the final R-curves (Fig. 6c and d).  

The R-curves of particle-based composites were calculated from crack propagation tests 

carried out on samples with different thicknesses and notch depths to take into account size 

effects (Fig. 7). In samples with lower initial a/W ratio the crack propagates longer under 

small scale bridging (SSB) conditions where the values are valid. This initial propagation is 

followed by a very fast rise in the R-curve due to large scale bridging (LSB) that invalidates 

the measurement.  

3.4 Comparison of the particle and the platelets based materials 

Rising R-curves were obtained for all materials indicating that they became tougher as the 

crack propagates inside the microstructures due to the activation of several extrinsic and 

intrinsic toughening mechanisms. The R-curve for the platelet-based composites rises faster 

with crack propagation (Fig. 8). The R-curve for the particle-based composites does not reach 

a steady-state plateau but after an initial linear part increases exponentially (Fig. 8). Different 

trends were also observed in the compliance vs crack length for the two different types of 

composites (Fig. 8b). The compliance of the particle-based composites changes minimally 

with crack propagation while the compliance of the platelets-based one varies significantly as 

the crack grows, suggesting that different fracture mechanisms are activated within the two 

microstructures.  

No de-bonding was observed at the metal-ceramic interfaces after fracture implying a strong 

adhesion (Fig. 9). The metal layers undergo extensive plastic deformation that contributes 



significantly to the toughening. The analysis also revealed good metal penetration through the 

microscopic interfacial roughness between the ceramic and the metal layers. Stable crack 

growth allowed the observation of the main toughening mechanisms acting within the 

microstructure using SEM and X-ray tomography. There are differences between the platelet 

and the particle-based composites. While in the latter the main mechanisms were metal 

bridging behind the crack wake, plastic deformation of the metal bridges behind and in front 

of the crack tip, and micro-cracking in front and on the side of the crack (Fig. 10), in the 

platelet-based composites it was more difficult to identify a clear crack path instead a large 

damaged area was observed with many cracks starting radially from the notch root (Fig. 10). 

These cracks together with the vast plastic deformation of the metal phase blunt the crack. 

The plastic deformation of the metal layers can be appreciated in the TEM analysis (Fig. 11), 

which shows the microstructure of a single grain in the two specimens. In the Al region far 

from the crack path, the grain contains some amount of dislocations as a result of thermal 

stresses due to the fabrication process. In the region close to the crack path, much more 

deformation can be seen in the format of increased dislocation density and sub-cells with the 

dislocations concentrating at the cell walls.  Differences in the crack propagation features for 

the two types of composites can be also analysed using the DVC calculation on the X-ray 

tomography (Figs. 11-13). To compare the behaviour of the platelet and the particle-based 

materials, three types of analysis are carried out. In Figs. 11a and 12a, plane views of the 

crack surface extracted from the DVC error maps after several loading and unloading cycles 

are presented. These pictures can be used to correlate the crack location and the morphology 

of the ceramic layers. The crack surface is coloured with the coordinates of the voxels in the 

crack growth direction. These images can be used to estimate the crack advance after 

different loading steps and to observe the morphology of the crack front. Crack morphology 

is also reported in Fig. 13 where a 3D view of the crack surface is coloured according to the 

distance to the mean crack plane. Clearly the platelet-based material (Fig. 13b) exhibits an 

almost planar crack surface whereas the deviations of the crack in the particle-based material 

show oscillations of ±150 µm (Fig.13a). From the displacement field measured in the 

direction normal to the crack surface an attempt is made to estimate residual crack opening 

displacement (COD) maps. The DVC error is averaged within the elements of the mesh used 

for the DVC analysis. This averaged element-wise error map is thresholded to keep only the 

elements cut by the crack. Then, the difference of the displacement normal to the crack, from 

one side of the crack to the other is computed and plotted element-wise on Figure 11b and 



12b. The COD is thus estimated over the crack surface and can be used to compare the 

behaviour of the two materials. This COD is not strictly speaking a measure of a 

displacement discontinuity. It results from the deformation of the metallic phase that cannot 

be accommodated by the ceramic. Therefore, it is more a measure of the displacement 

resulting from the localized plastic deformation accumulated in the metal in the region where 

the ceramic fails. 

The DVC error maps show that crack propagation does not have a constant speed. This has 

been especially noted for particle-based samples (see difference between the first two images 

in Fig 11a that represent the samples after two consecutive loading cycles). For the platelet-

based material, the increase of the crack length in the ceramic phase was steadier during the 

test. Calculation of the average crack opening displacement in finite elements gives values up 

to 8 µm, larger in the particle based material as compared to the platelet based one (when the 

values of COD are up to 4 µm).  

4. Discussion 

The microstructures of the ceramic preforms are consistent with previous reports that show 

that faster cooling rates result in thinner lamellae and pore size [38]. The ceramic walls 

exhibit a characteristic microscopic roughness determined to some extent by the sucrose used 

in the suspension [22]. During infiltration the metal reacts with the atmosphere and the 

ceramic to form small amounts of AlN and spinel. The extent of the reactions, as reported by 

S.Rao et al. [12], depends on the amount of Mg in the alloy, the temperature, and the dwell 

time. 

All the composites displayed a better strength-toughness compromise than commercial bulk 

alumina or the Al-4Mg alloy [37]. The refinement of the microstructure (lamellae thickness 

and pore size) slightly improved both the strength and the fracture toughness. In terms of 

strength this correlation can be related to a lower probability of finding a large flaw within 

the lamellae. Moreover composites with higher metal content (ceramic loading of ~9 vol.%, 

i.e. 20 vol.% of ceramic in the material) showed higher bending strength. Comparing the 

flexural strength of our composites with other Al2O3/Al composites made from different 

aluminium alloys, it is possible to notice that higher strength is achieved when high aspect 

ratio reinforcements such as fibres or platelets were employed, as proven also by this study 

(Fig.14) [39]–[41]. Due to their lamellar structure, these material reach higher strengths that 

others with similar or higher ceramic contents [42]–[44]. It is interesting to observe that 

composites obtained with an analogous pressureless process (Lanxide) exhibit lower flexural 



strength than our composites even at higher ceramic content. It might possible that residual 

porosity affected their mechanical performance [45]. 

The composites showed values of KIc higher than pure alumina but lower than the aluminium 

alloy (KIc ~ 43 MPa·m1/2) [37]. The initiation toughness is consistent with values reported for 

other metal ceramic composites and with the expected trend of higher toughness for higher 

metal contents (Fig. 14). The values of KIc are in the same range than those quoted for other 

laminated composites [16], [43], [44], [46], [47]. Values measured in 3-point bending tend to 

be higher, possibly due to the deviations in the alignment of the notch. As reported by Bloyer 

et al. [6] there is always some uncertainty on the evaluation of KIc depending upon whether 

the pre-crack is located in the metal or in the ceramic layer. It has been demonstrated that the 

stress field at the crack tip has to reach a critical value to allow the crack to re-nucleate in the 

following ceramic layer [26]. The increase of the metal thickness imposes a larger far-field 

stress necessary to propagate the fracture in the brittle phase. However in this case both the 

metal and the ceramic layers thicknesses were reduced as the freezing speed increased and 

because the metal volume increase was minimal, the refining of the whole structure seems to 

be responsible for the higher fracture toughness 

The control on the structure at several length scales achieved by freeze casting activates 

several toughening mechanisms. The result is a growing resistance curve in which the 

toughness increases with crack extension (Figs. 7 and 8). Similar behaviour has been 

observed in other laminated ceramic-metal and ceramic-ceramic composites [4], [7], [50]–

[53]. In this case, the evaluation of crack initiation parameters KIc is not sufficient to 

represent entirely the actual fracture resistance of these materials and it is necessary to 

evaluate the dependence of toughness with crack extension. One of the critical issues here is 

how to best measure crack length, as it is not easily defined (not a single crack plane as 

shown in Fig. 5). Observation in a single plane using electron or optical microscopy could 

induce errors, as the length of the crack may not be the same along the propagation front. In 

this case X-ray tomography offers clear advantages. Other sources of errors may be 

branching or micro-cracking. However, our comparison of microscopy and tomography 

suggests that in our materials differences due to the method are minimal and the resulting R-

curves are very similar (Fig. 6d).  

The compliance analysis (Fig. 8b) revealed the impossibility of using the compliance method 

to indirectly quantify the crack length on composites with a high volume fraction of metal. 



This approach does not describe perfectly the mechanical response and the real fracture 

toughness vs crack length behaviour for our ceramic-metal laminates. The compliance does 

not increase significantly as the crack propagates. This trend reveals the simultaneous effect 

of several toughening mechanisms having a different impact over the compliance of the 

materials, such as bridging and plastic deformation. Bridging is clearly active within the 

microstructure (Fig. 10), however is not sufficient to fully describe the mechanical response 

of the materials. This consideration is also strengthened by the fact that the applied bridging 

model under-estimates the real fracture resistance as it does not take into consideration the 

simultaneous activation of the other mechanisms such as the large plastic deformation in the 

metal layers. Therefore a direct estimation of the crack length should be preferred for such 

materials.    

The propensity of the R-curve for laminate materials to reach a steady state is mainly 

attributed to which bridging conditions dominate, small-scale (SSB) or large scale bridging 

(LSB). Small-scale bridging (SSB) prevails when the bridging length is much smaller than 

both the crack length and the in-plain sample dimensions. Contrarily when the bridging 

length is large the results become dependent from the crack length and the sample geometry. 

Differently from previous studies on freeze casted hybrid composites [11][12] where a 

plateau in the R-curves is often reached, in this study the composites obtained with spherical 

alumina particles showed a rising R-curve behaviour characteristic of large scale bridging 

that has been observed previously in many laminate materials when testing laboratory 

samples [3][37][28][6][38][27][29]. In general with thin metal layers (<1 µm) the R-curve 

reaches a steady-state; instead thicker metallic layers typically generate a continuously rising 

curve caused by large scale bridging (LSB) [50]. Previous studies revealed that metal 

thickness and metal yield strength influence the shape of the R-curve [26] and the alloy used 

here (Al-4Mg) exhibit higher plasticity that the soft phases of other freeze casted composites 

(Al-Si or PMMA) [16], [17]. 

The R-curve is to be considered valid only when the SSB conditions are satisfied. According 

to the more conservative ASTM standards (E1820) this validity is limited up to a maximum 

crack extension given by Δamax = 0.25b (where b is the un-cracked ligament width). This 

means that when using 3 mm thick samples with a/W = 0.5 the ASTM valid value for the 

particle-based composites is 25 MPam1/2 and it raises up to 45 MPam1/2 for the 4 mm 

sample with a/W=0.25. Four millimetres thick samples with different a/W values, reach 



common toughness up to 60 MPam1/2 before the R-curve starts to diverge. We can take this 

value as an upper toughness estimate that is independent of sample/notch size.  Platelet-based 

composites with a thickness of 3 mm reach toughness of 38 MPam1/2 within the ASTM 

limits. 

In order to model the effect of bridging in the rising R-curve, the bridging contribution, Kb, 

can be added to the intrinsic toughness KIc. The total toughness Kf can be estimated as: 

 

                                                                      𝐾𝑓 = 𝐾𝐼𝑐 + 𝐾𝑏                                                                   (3) 

 

To estimate Kb is necessary to know the traction function σ(x) that simplistically can be 

considered constant over the total bridging zone and equal to the constrained flow stress σc of 

the metal layers. The total contribution of the reinforcement is obtained multiplying the 

traction function with the volume fraction f of the reinforcement. Therefore equation (1) can 

be re-written as [7]: 

                                                            𝐾𝑓 = 𝐾𝐼𝑐 + 𝑓𝜎𝑐 ∙ ∫ ℎ(𝑎, 𝑥)𝑑𝑥
𝐿

0
                                           (4) 

 

Fitting of the experimental data to equation (4) allows us to obtain values for the constrained 

flow stress (c) and the length of the bridging zone (a). The values for each condition were 

obtained iterating the solutions of equation (4) and choosing those that minimized the 

residuals (the difference between the experimental and the predicted values).  

Calculated bridging zones are large (0.5-1 mm) and they seem to be larger for the particle-

based systems. The fitting seems to favour longer bridging zones for larger samples what 

may reflect the fact that the model does not take into account other possible contributions to 

toughness. The calculated flow stresses are reported in Table 4. They are clearly higher than 

the flow stress of the metal in unconstrained conditions (estimated to about 300 MPa [37]). 

However, they can be considered consistent being the metal constrained between micrometre 

size ceramic pores with rough metal-ceramic interfaces that may enhance mechanical 

adhesion.  

Comparing the particle-based and the platelet-based materials, a large difference in the 

calculated constrained flow stress is noted. Limitations in the application of the model 

certainly exists, such as the fact that the ceramic and metal layers do not have a constant 



orientation in the samples and are not perpendicular to the crack plane. Most of the work on 

metal-ceramic laminates analyse samples were all the layers are aligned in a direction 

perpendicular to the crack propagation and parallel to the crack front. Here the layers are 

organized in domains that are rotated with respect to each other and therefore not all them are 

parallel to the crack front. This can have a substantial effect on the mechanical response. 

However, the large difference in the metal constrained flow stress for the two materials could 

be explained by microstructural features and especially by the interface between ceramic and 

metal layers. As shown in Figs. 1 and 2, the two phases appears as more imbricated in the 

platelet-based material, with some metal infiltration inside the alumina platelets. Thin 

ceramic bridges can also be noted between ceramic layers as shown in Fig 1b and illustrated 

in Fig 2. These features certainly account for a better stress transfer between layers as 

supported by the higher ultimate tensile strength of the platelet-based material as compared to 

the particle-based ones even for a higher metal fraction. 

By assuming that the specimen width is much larger than the bridging zone, equation (4) can 

be used to estimate the maximum fracture toughness under small scale bridging conditions. In 

this case the R-curve reaches a plateau as toughening saturates. However the maximum 

predicted values obtained with this approach are even lower than those measured within the 

ASTM limits. These results suggest that bridging alone is not sufficient to describe fully the 

fracture resistance of these materials and other mechanisms should also be active.   

Crack observation allowed the identification of some of the extrinsic mechanisms. The most 

active was ductile-ligament bridging, the presence of unbroken metal bridges behind the 

crack tip that deform plastically, generating closure traction to the crack advance. The 

residual crack opening displacement calculated with DVC on the tomographic volumes (see 

Fig. 11b and 12b) confirms the presence of residual stresses in the metal layers in the wake of 

the crack front. As mentioned in the previous section, the calculated COD results from the 

deformation of the metallic phase that cannot be accommodated by the ceramic. The COD 

value is calculated in a finite element of 24 µm side, larger than the metal layers thickness. 

Therefore a quantification of the residual deformation in the metallic layers is not directly 

possible. The difference of the maximum COD values between particle and platelet-based 

composites could be explained by more efficient stress transfer at the metal-ceramic 

interface. It was noted that the COD is smaller in the platelet-based materials as compared to 

the particle one by a factor of two for a similar sample’s deflection. With a mechanically 



more efficient interface, the metal will tend to have a higher constrain and less plastic 

deformation.  

Failure in the composites involves the transmission of the crack from a brittle layer to 

another, across the ductile metal that imposes a shielding effect on the crack. Extra stress has 

to be applied to overcome the resistance imposed by the metal layers. When the crack arrests 

at the interface, before re-nucleating in the next ceramic layer, the metal layers exhibited 

extensive shear band formation before failure by ductile rupture (Fig.10). This intense shear 

banding often resulted in the re-nucleation of the crack at a shifted location on the next 

ceramic layer when compared to the previous one. The shielding effect is therefore enhanced 

because such offset cracking. When the metal layer shears off at different angle, it increases 

the work of rupture of the ductile bridge.  

Multiple cracking was observed in the brittle ceramic layers for all the composites. Multiple 

cracking is an additional toughening mechanism as it promotes greater distribution of damage 

and energy absorption [22]. The transition from single to multiple fracture, depends on 

several factors such as the flow properties of the metal, the scale of the microstructural 

features and the properties of the metal/ceramic interface [22], [52]. In layered composites, 

the parameter that mostly controls the occurrence of multiple cracking is the metal layer 

thickness tm to the ceramic layer thickness tc ratio. Multiple cracking always occur above a 

critical ratio of tm/tc. This critical value, in turn, is related to the ratio between the metal 

constrained yield stress σm and the ceramic fracture stress σc and tends to increase as σm/σc 

decrease. However the models predict that, independent of the physical properties of the 

metal and the ceramic, multiple cracking prevails if the thickness of the metal is 2.5 times 

larger than the ceramic layer [16], [22]. In our composites, tm/tc is always >2.5 (tm/tc≈5.5 and 

3.5 for 30wt% and 50wt% particles-based composites respectively) implying multiple 

cracking as observed.  

Preforms obtained from spherical alumina particles with 20 and 9 vol.% showed similar 

fracture toughness values and crack growth propagation. In both types of structures, crack 

deflection can be also observed in different points (Fig.10a-d and sequence in Fig.5). It is 

possible that multiple cracking within a single lamella decreases its resistance giving the 

crack a preferential way to propagate and deflect from the original plane (Fig.10d). It is well 

known that crack deflection is another effective toughening mechanism that requires 

additional energy to be spent when the crack propagates. The analysis also revealed good 



metal penetration through the microscopic interfacial roughness between the ceramic and the 

metal layers that could increase the interlocking along the interface and contribute to the 

toughening of the structure.  

The fracture process in the platelet-based composites seems slightly different. At low stress 

intensity values shear bands seemed to be generated around the crack notch (Fig. 10f). Shear 

sliding that promotes significant crack-tip blunting was recorded at higher fracture toughness 

values. A vast area of damage forms around the notch root and many cracks and micro-cracks 

were formed. In addition, extensive plastic stretching was observed in the metal layers 

contributing significantly to the toughening of the composite. The reason why the R-curve of 

the platelet-based composites has a different shape than the one of the particle-based could be 

related to these differences in the fracture mechanisms. In particular, for these composites, 

each single lamella is in fact a nacre-like disposition of platelets interlayered by thin metal 

layers and possibly the fracture process is mainly influenced by the plastic deformation of the 

metal phase and multiple cracking. Platelet fracture was observed in some cases although a 

previous study have reported their large strength (~5.3 GPa in bending) [54]. Concerning the 

fracture of the ceramic phase, prior the metal stretching, a different behaviour was also 

observed for the two composites as shown with the DVC calculation (see Fig. 11 and 12). 

The crack propagates with a rather constant speed for the platelet-based composites whereas 

crack jumps were recorded for the particles-based one. The crack propagates in the ceramic 

phase by breaking domains with similar orientation [55], which are larger in the particles-

based composites and therefore the crack propagates more discontinuously than in the 

platelets one. This difference in behaviour is also illustrated in Fig. 13 where the crack is 

shown as being plane in platelet-based material and the rougher in the particle-based material. 

5. Conclusions  

Pressureless infiltration of liquid Al-4Mg in freeze casted alumina preforms can be used to 

fabricate ceramic/metal micro-laminated composites with excellent combination of strength 

and fracture resistance. All the materials exhibited rising R-curve behaviour. The use of 

different observation techniques (X-ray tomography, SEM or optical microscopy) to measure 

crack lengths do not affect the R-curve calculations. However, indirect measurement of crack 

length using compliance can result in significant errors due to large plastic deformation. The 

structure of the materials plays a role on the mechanical properties. Preforms made from 

ceramic platelets can be used to fabricate stronger materials (even for metal contents up to 80 



vol.%). They can exhibit strengths up to 735 MPa and maximum crack resistance of ~40 

MPa·m1/2. Composites obtained from spherical alumina particles reached crack resistance of 

~60 MPa·m1/2 under small scale bridging conditions but their strengths were lower (up to 575 

MPa). The differences in behaviour can be related to the different toughening mechanisms. 

While in the platelet-based materials, plastic deformation in the metal and crack branching 

are highly effective, in the particle-based ones bridging is an important source of toughness. 

However, the toughening measured cannot be explained using bridging alone, suggesting that 

other mechanisms such as multiple cracking (that can also be observed) and plastic 

deformation are also active.  
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Table 1. Coefficients of polynomial fit for SENB weight function 

ν µ=0 1 2 3 4 

0 0.4980 2.4463 0.0700 1.3187 -3.067 

1 0.5416 -5.0806 24.3447 -32.7208 18.1214 

2 -0.19277 2.55863 -12.6415 19.7630 -10.986 

 

 

Table 2. Microstructural features of freeze casted Al2O3/Al-4Mg composites. The metal layer width 

of the platelets-based scaffolds is not reported because the platelets are not perfectly aligned within 

each lamella and thin metal films can be observed between platelets. 

 

 
Porosity of the 

preform (%) 

Width of ceramic layer 

(µm) 

Width of metal layer 

(µm) 

20 vol.% Particles-5 °C/min 66.0 ± 1.5 8.2 ± 1.4 27.4 ± 3.7 

20 vol.% Particles -15 °C /min 66.9 ± 1.4 6.4 ± 0.9 23.8 ± 2.9 

9 vol.% Particles -5 °C /min 79.6 ± 0.3 4.1 ± 0.9 23.3 ± 6.0 

9 vol.% Particles -15 °C /min 80.7 ± 0.2 3.3 ± 0.6 18.3 ± 4.1 

9 vol.% Platelets-5 °C /min 86.6 ± 0.08 ~6.3 ± 1.7 N.A 

 

 

Table 3. Flexural strength, fracture toughness (3 and 4PB) and work of fractures of the composites. 

Standard deviations are reported. 

Initial slurry 

ceramic loading-

cooling rate 

Metal 

Content 

(vol.%) 

Ultimate 

strength (MPa) 

3PB Fracture 

toughness  

 KIc (MPam1/2) 

4PB Fracture 

Toughness 

KIc (MPam1/2) 

Work of 

Fracture 

(kJ/m2) 

20 vol.% Particles 

5 °C /min 
~66% 426 ± 51 14.4 ± 1.5 11.7 ± 1.2 3.3 ± 0.4 

20 vol.% Particles 

15 °C /min ~67% 436 ± 46 15.4 ± 0.8 12.2 ± 1.2 4.2 ± 0.5 

9 vol.% Particles 

5 °C /min ~80% 486 ± 59 14.6 ± 0.8 12.2 ± 1.1 5.2 ± 1.8 

9 vol.% Particles 

15 °C /min ~81% 575 ± 56 15.6 ± 0.8 12.9 ± 2.2 5.6 ± 0.9 

9 vol.% Platelets 

5 °C /min 
~86% 735 ± 102 N.A. 12.6 ± 2.5 7.5 ± 1.1 

 



Table 4. Calculated values of constrained flow stresses and size of the bridging zone. 

Sample 
Metal content 

(vol.%) 

Calculated 

Constrained Flow 

stress σc (MPa) 

Length of the 

bridging zone (mm) 

Particles-based 3mm a/W = 0.5 67 880 0.65 

Particles-based 4mm a/W = 0.5 67 800 0.75 

Particles-based 4mm a/W = 0.25 67 955 1 

Platelet-based 3mm a/W = 0.5 80 1600 0.35 

 

 

  



 

 

 

Figure 1. Microstructures of laminated alumina/aluminium composites produced in this study. The 

microstructure can be manipulated by varying the solid loading of the starting ceramic slurry and the 

freezing rate. Alumina particles with different morphologies generate different types of lamellar 

reinforcement. a) and b) 9 vol.% alumina platelets-based composites; c) 9 vol.% particles-based 

composites. d) 20 vol.% particles-based composites. All samples displayed were frozen at 5 °C/min. 

In all the pictures the ceramic and the metal appear as the dark and the bright phases respectively.  

 

 



 

 

Figure 2.  Alumina platelets arranged within a lamella. The platelets are not perfectly aligned and 

some porosity remained between them before infiltration. It is also possible to observe that the metal 

in same parts has infiltrated this porosity between the platelets generating a nacre-like structure within 

the lamellae.  

  



 

   

Figure 3.  X-ray diffraction pattern of a pressureless infiltrated sample. As reported in previous 

studies, the Al-4Mg alloy partially reacts with the atmosphere and the preform to form small amounts 

of AlN and spinel (MgAl2O4). [12], [13] 

 

 

Figure 4. (a) Load-displacement curves for notched SENB specimens (displacement rate 0.01 

mm/min) and (b) calculated stress-displacement curves for bending strength specimens (displacement 

rate 0.05 mm/min). 

 



 

Figure 5. Crack imaging using different techniques: a) SEM; b) optical microscopy and c) X-ray 

tomography of crack propagation within a 20 vol.%-5 °C/min particle-based composite. In c) the top 

sequence of images shows crack progression after several loading-unloading cycles. The crack 

deflects at different points from the primary plane of propagation. The image at the bottom shows a 

3D reconstruction of the damaged area; d) 2D view of the thresholded DVC error superposed to the 

mid-plane of the X-ray image. 

 

 

 



 

Figure 6. (a) Loading-unloading curve for a particle-based composite (20 vol.%-15 oC/min). (b) 

Compliance vs crack length for the particle-based composite. (c) Crack size measurements obtained 

during bending a particle-based composite (20 vol.%-15 oC/min) with different observation 

techniques (SEM, optical microscope and X-ray tomography). (d) Corresponding R-curves calculated 

with crack lengths measured using three different direct observation techniques. For X-ray 

tomography the maximum value of crack extension through the whole specimen was considered. A 

linear fitting can be used to fit the R-curves up to the ASTM crack extension limit for valid 

measurements that for this sample is 0.3 mm (vertical doted line). The values obtained beyond this 

limit are not valid according to the ASTM standards because the measurements are taken under large 

scale bridging conditions. 

 



 

Figure 7. R-curves for particle-based samples (20 vol.%-15 oC/min) with three different geometries. 

Dashed lines are the R-curves predicted using equation (4). The full lines represent the predicted R-

curves for small scale bridging. Vertical lines are the ASTM limits for valid measurements (increasing 

with increasing sample size and decreasing a/W). The black arrow indicates the point at which the 

size effects cause a divergence in the measurements for samples with same size but different a/W. 

  



 

 

Figure 8. a) R-curves for platelets and particles-based (20 vol.%-15 oC/min) composites. The crack 

length has been measured by SEM. For the platelet-based composite, the R-curve has a different 

shape that for the particle-based ones and reaches a maximum KJ of ~40 MPa.m1/2 within the ASTM 

limit. The dashed and the full lines are the predictions of the analytical model [7] if LSB or SSB 

prevail respectively. For the LSB model two different bridging lengths have been considered. ASTM 

limits are also included.  b) Crack length vs compliance for the two types of composites considered in 

this study.  

  



 

 

Figure 9. a) Fracture surface of a particle-based (20 vol.%-15 oC/min)  composite. b) Detail of the 

fracture surface showing that the metal infiltrates the microscopic roughness of the ceramic layers 

(white arrows) suggesting good wetting. The infiltration promotes interlocking between the metal and 

the ceramic layer.  

 

 



 

Figure 10. Crack propagation in the different materials. a-d) crack propagates in the  particle-based (9 

vol.%-15 oC/min) composites; crack deflection, plastic deformation in the metal layers (pointed by the 

white arrows in (c)) and microcraking can be observed;(e-f) crack propagation and fracture 

mechanisms acting within platelet-based composites; multiple cracking can be observed at the notch 

root. The black arrows indicate the crack propagation direction. 

 



  

 

Figure 11. Microstructure of the aluminium layer (a) Far from the crack path. Some dislocations are 

arrowed. (b) next to the crack path. The inset of (b) show the dislocation network at higher 

magnification. The analysis has been done on a particles based composites with 20 vol% solid 

loading, frozen at 15 K/min.  
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Figure 12. Crack propagation in a particle-based composite (20 vol.% - 15 oC/min). a) 2D view of 

the DVC error maps for different X-ray scans supperposed to the X-ray image of the material before 

failure. The color map corresponds to the y coordinate in the image frame in voxel. b) Displacement 

amplitude in the direction normal to the mean crack plane for the elements cut by the crack as 

extracted from the DVC error map. The crack grows from the top image to the bottom.  



 

Figure 13. Crack propagation in a platelet-based composite. a) 2D view of the DVC error maps for 

different X-ray scans superposed to the X-ray image of the material before failure. The colour map 

corresponds to the y coordinate in the image frame in voxel. b) Displacement amplitude in direction 

normal to the mean crack plane for the elements cut by the crack as extracted from the DVC error 

map. The crack grows from the top image to the bottom. 

 

 



 

Figure 14. Crack surfaces extracted from the DVC error map coloured by the distance to the mean 

crack plane in µm. a) particle based composite, b) platelet based composite. 

 

 

  

Figure 15. Comparison of strength and toughness (KIC) for different alumina/aluminium composites. 

The arrows indicated the KJ for the studied materials and for other similar microstructures. KJ for our 

materials are taken within the ASTM conditions or up to the limit where the measured toughness does 

not depend on sample/notch size. Some of the references reported the ultimate strength of the 

composite under tensile test while others use bending. Data taken from [16], [39], [42], [43], [45], 

[48], [49] 

 

 


