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Abstract: In this study, layered-structured Al2O3-based composites containing WC-Co, TiC, and MgO 

additives were prepared using hot-pressing sintering. The best comprehensive mechanical characteristics 

were acquired for the sample with a layer number (NLN) of 7 and thickness ratio (TR) of 6. Its composite 

exhibited a fracture toughness of 8.5 and 8.4 MPa·m1/2 in the X and Z directions, respectively. Analysis of 

the micro characteristics of the fracture surfaces of the Al2O3-TiC-WC-Co layered composites revealed a 

significant enhancement in the bending strength, which could be attributed to the mixed fracture modes in 

the composite, including intergranular and trans-granular modes. As the displacement increased, first, the 

bending stress of all the composites increased gradually, after which all the samples showed abrupt 

elevation in stress. The enhancement in the damage resistance of Al2O3-TiC-WC-Co layered composites 

could be attributed to the microscopic and macroscopic crack deflection, bridging, and partial surface 

bonding that occurred in the layers. Finally, a new theoretical perspective was employed to discuss the 

mechanism of the effect of the layered structure on the toughness of the composites. 
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1. Introduction 

Alumina has attracted significant attention for various applications in the engineering field owing to its 

high hardness, low specific weight, thermal stability, and excellent corrosion and wear resistance. However, 

its inherent disadvantages, such as high brittleness and low bending strength, have limited its applications. 

Among the approaches for enhancement of fracture behaviour, the layered structure has emerged as an 

effective method for addressing the limitations of alumina [1]. For example, a layered structure effectively 

suppresses the catastrophic fractures of alumina by enhancing its defect tolerance, which is important in 

extreme applications, such as in hypersonic aircraft long-haul flights and atmospheric re-entry of space 

vehicles [2, 3]. 

Several studies have investigated layered composites [2, 4, 5]. For example, a previous study demonstrated 

that the bending strength of ZrB2-SiCw/BN layered composite at room temperature was as high as 425±19 

MPa[2] (SiCw means SiC whisker). Layered-structured composites prepared by hot-pressing sintering and 
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other processes exhibit attractive inherent advantages. For example, the strength and toughness of 

layered-structured B4C/TiC composites prepared by a reactive melt infiltration technique can be as high as 

160 ± 2 MPa and 5 ± 0.3 MPa·m1/2, respectively [1]. In addition, TiB2-based layered composites fabricated 

by the centrifugal casting process can achieve a laminar shear strength of 425±50 MPa[6]. Furthermore, 

layered-structured composites exhibit excellent performance in high-temperature environments. For 

example, a previous study reported that the strength of ZrB2-SiC-BN layered composite at 1500 °C was 

111 MPa and that of layered-structured ZrB2-SiC-graphite composites was as high as 377 MPa at the same 

temperature [7]. Compared to the common layered-structured composites, micro-thick layered-structured 

composites exhibit better performance. For example, owing to its micro-thickness, the toughness of the 

micro-thick layered-structured metal ceramic composites (24.78 ± 0.71 MPa·m1/2) is significantly higher 

than those of ordinary ceramic composites [8]. In addition, the fracture toughness of micro-thick 

(SiCw+SiCp)/SiC layered composites is as high as 7.49 MPa·m1/2 [9] (SiCP means SiC particle). Generally, 

layered-structured composites are prepared via tape casting; however, this method requires high 

preparation costs and leads to anisotropy of the prepared composites, thus limiting its further application. 

For example, the bending strength of ZrB2-SiC/graphite layered composite exhibits anisotropy in the 

parallel and perpendicular directions (360 and 399 MPa, respectively) [10]. Nevertheless, the layered 

structure of TiB2 layered composites improves their thermal shock resistance [11]. 

The difference in coefficient of thermal expansion (CTE) of the Al2O3, TiC, and WC additives in 

Al2O3-TiC-WC composites induces residual stress in the composite, which results in high wear resistance 

and improved mechanical properties [6, 8, 12]. The addition of Co to Al2O3-TiC-WC composites can blunt the 

crack tip and improve the toughness of the composite owing to its high ductility [8, 13]. In this study, the 

structural layered design, microstructure, and performance, particularly, the fracture behaviour of the 

Al2O3-TiC-WC-Co layered composites in different directions, were analysed and characterised. Lastly, a 

new theoretical perspective was utilised to explore the effect of the layered structure of the 

Al2O3-TiC-WC-Co composite on its fracture behaviour. 

2. Materials and experimental process 

2.1. Design and preparation of the Al2O3-TiC-WC-Co layered composite 

In this study, α-Al2O3 powder (99.9% purity, circular shape and particle diameter of 0.5 μm) (Zibo Lucky 

Star Ceramics Co., Ltd., China) was used as the matrix material. WC-Co (99% purity, circular shape and 
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particle diameter of 60 nm), TiC (96% purity, circular shape and particle diameter of 1–3 μm), and MgO 

powder (98.5% purity, circular shape and particle diameter of 0.5 μm) were used as the additives 

(manufactured by Nanjing Hongwu Nano Co., Ltd., China). MgO powder was expected to inhibit abnormal 

grain growth of alumina. Two composite powders (AW and AT) were prepared by mixing different 

proportions of the additives and matrix, and the contents of the two powders are listed in Table 1. 

Table1 Contents of the prepared Al2O3-TiC-WC-Co layered composite powders 

No. 
Content wt.% 

Al2O3 WC-Co TiC MgO 

AW 94 5 0 1 

AT 79 0 20 1 

 

Briefly, the admixed powders were milled for 120 h in alcohol using planetary ball milling with alumina 

balls. The dimension of the alumina milling container was Ø100×150 mm2, and the rotary velocity of the 

ball milling was adjusted to 50 rpm. The diameter of the alumina ball was 6 mm, the weight ratio of the 

balls to admixed powders was 1 to 3. The layered structure of the prepared Al2O3-TiC-WC-Co composite 

samples is shown in Fig. 1. The milled powders (i.e., AW and AT, with a circular shape and particle 

diameter of 0.3–1 μm) were placed in a graphite mould according to the sequence and thickness shown in 

Fig. 1 and Table 2, respectively. Seven samples (SA1–SA7) with different AT/AW thickness ratios (TR) 

and layer numbers (NLN) were prepared. Subsequently, the graphite mould containing the powders was 

placed in a hot-pressing furnace and sintered at 1650 °C. The pressure in the furnace increased with 

increasing sintering temperature. When the desired temperature (1650 °C) was reached, the pressure of 35 

MPa in the furnace was maintained for 60 min. An extensive description of the preparation process can be 

found in a previous study [14]. 

AT

AW

SA1:TR=3  NLN=11

SA2:TR=4  NLN=9

SA3:TR=5  NLN=7

SA4:TR=6  NLN=7

SA5:TR=7  NLN=7

SA6:TR=8  NLN=5

SA7:TR=9  NLN=7
 

Fig. 1 Structural layered design of Al2O3-TiC-WC-Co composites with different AT/AW thickness ratios 
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(TR) and layer numbers (NLN) (SA1–SA7: prepared samples) 

Table 2 The thickness of AT and Aw layers 

No. AW AT 

SA1 0.25 mm 0.75 mm 

SA2 0.25 mm 1 mm 

SA3 0.25 mm 1.25 mm 

SA4 0.25 mm 1.5 mm 

SA5 0.2 mm 1.4 mm 

SA6 0.2 mm 1.6 mm 

SA7 0.2 mm 1.8 mm 

2.2. Property testing and microstructural observation 

For the property testing and microstructural observation, the as-sintered samples of Al2O3-TiC-WC-Co 

composite were cut into long strips using an internal circular slicer. The bending strength of the samples 

was measured using a three-point bending test from two directions, indicated as X and Z directions in Fig. 2, 

to determine the anisotropy of the composites. The three-point bending test was conducted over a span (L) 

of 25 mm at a moving speed of 0.5 mm/min. The diameter of the mandrel and supports was 5 mm. The 

force (P) at which the specimen fractured was recorded and substituted into the following formula to 

calculate the bending strength (f) of the corresponding specimen [15]. 

2f
2

3

bh

PL
= , (1) 

b and h are marked in Fig. 2. 

25mm

h
b
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25mm

h
b
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Fig. 2 Directions (X and Z) used during the three-point bending test (3 mm × 4 mm × 36 mm) 

(a) X direction 

(b) Z direction 
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The micro-Vickers hardness and fracture toughness (KIC) of the samples were measured using the 

indentation method (HV1 for hardness and HV10 for toughness). The Vickers hardness of the samples was 

tested at a loading force of 9.8 N, and the force was maintained for 5 s before releasing. The KIC of the 

samples was determined at a loading force (PIC) of 98 N, and the force was held for 30 s before releasing to 

generate a crack on the polished surface. KIC was calculated using the following formula [16]: 

( )2

IC2
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1

IC
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8544.1)(203.0
a
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a

c
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− , (2) 

where a and c are the half-length in the diagonal direction and total crack growth length, respectively, as is 

shown in Fig 3(a). To obtain the Vickers hardness and fracture toughness of both AT and AW layers, the 

indentations were made on the polished top surface of the Z directions, as is shown in Fig. 3(b). A 

minimum of 12 indentations was used for the Vickers hardness and toughness testing of the 

Al2O3-TiC-WC-Co layered composites to reduce data scattering. 

  

Fig. 3 Schematic diagram of the indentation and cracks (a) and the testing positions of the hardness and 

toughness in the AW and AT layers (b) 

The fracture behaviour of the Al2O3-TiC-WC-Co layered composites was analysed using the indentation 

bending strength technique. During the testing, a load of 9.8–98 N was applied and maintained for 15 s 

before releasing. The samples were tested at least three times, and the average value was calculated. The 

fracture behaviour of the Al2O3-TiC-WC-Co layered composites was explained according to the theory 

proposed by Braun et al. [15], which states that a radial crack is generated in a sample subjected to a load of 

PFb. The stress intensity (KSIN) at the crack tip was calculated using the following formula [17–20]: 

KSIN= KSIA +KRTF + KMSH=AcPFB
1/2+PFb/cPFB

3/2+KMSH,  (3) 

a b 
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where KSIA, KRTF, and KMSH are the stress intensities related to the applied stress (A), the residual touching 

field at a load of PFb, and microstructural shielding, respectively.  is a coefficient determined using a 

penny-shape crack,  =ξ (E/H) 1/2 is a coefficient representing the intensity of the residual field, which is 

ideally independent of the crack size (cPFB), E is Young’s modulus, and ξ is a constant. The KMSH value was 

too small to be neglected [21]. 

The residual stresses, RAW and RAT, in the AW and AT layers, respectively, were estimated using the 

following formula [22–24]: 

RAT =
∫ (𝛼AW − 𝛼AT)d𝑇

𝑇0
𝑇sF

1

𝐸AT
 + 

1

𝐸AW
𝐿v

, (4) 

𝜎RAW = −RAT𝐿v, (5) 

where EAW and EAT are Young’s moduli and AW and AT are the CTEs of the AW and AT layers, 

respectively. In addition, T0= 15 °C and TSF is the temperature (1200 °C) at which the stress was 

completely released. Lv is the ratio of the volume of the AT layer to that of the entire layered structure, and 

was estimated using TR and NLN based on the following formula: 

Lv=TR (NLN+1)/(NLN− 1), (6) 

The microstructure of the fracture surfaces and the cracks on the polished surfaces of the 

Al2O3-TiC-WC-Co layered composites were identified using scanning electron microscopy (SEM; 

HITACHI SU8010, Japan). The macroscopic fracture of the Al2O3-TiC-WC-Co layered composite was 

observed using an optical microscope. 

3. Results and discussion 

3.1. Analysis of the mechanical performance 

The bending strength, fracture toughness, and hardness of the as-sintered Al2O3-TiC-WC-Co layered 

composite samples are listed in Table 3. The bending strengths of samples in both X and Z directions 

increased with an increase in TR from 3 to 6 and decreased with a further increase in TR from 7 to 9. In 

addition, SA4 (NLN = 7,TR= 6) exhibited bending strengths of 460 and 450 MPa in the X and Z directions, 

respectively, which were higher than those of the other samples. The effect of layered structure on the 

toughness of the Al2O3-TiC-WC-Co composite was similar to that on the strength. The toughness values of 

the AT and AW layers of SA4 were 8.5 and 8.4 MPa·m1/2, respectively, which were higher than those of the 

other samples. In addition, compared to the findings of previous studies [21, 25], the toughness of the 
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Al2O3-TiC-WC-Co layered composites was higher than that of the un-laminated Al2O3-TiC composite. In 

contrast, SA5 (NLN = 7, TR = 7) exhibited a Vickers hardness of 24.3 and 23.9 GPa in the AT and AW 

layers, respectively, which were higher than those of the other samples. These results imply that SA4 

exhibited better comprehensive mechanical properties than the other samples. This indicates that the 

optimal TR and NLN of the Al2O3-TiC-WC-Co layered composites were 6 and 7, respectively. 

The relatively lower hardness of SA4 in the AT and AW layers could be attributed to the fact that the 

bending strength and fracture toughness of the ceramic composite were closely related to the fracture mode, 

whereas the hardness was mainly related to the grain size and porosity. This implies that the layered 

structure effectively improves the fracture mode of the composite [2–10]; however, it does not have a 

significant effect on the grain size and porosity. 

Table 3 Mechanical performance of the Al2O3-TiC-WC-Co layered composite samples 

No. 

Bending strength 

(MPa) 

Fracture toughness 

(MPa·m1/2) 

Vickers hardness 

(GPa) 

X Z AT AW AT AW 

SA1 320 ± 21 300 ± 22 6.1 ± 0.8 4.9 ± 0.4 21.8 ± 0.9 21.4 ± 0.3 

SA2 400 ± 26 375 ± 23 7.3 ± 0.7 7.3 ± 0.2 20.4 ± 0.2 21.6 ± 0.9 

SA3 430 ± 31 420 ± 25 7.4 ± 0.4 6.7 ± 0.6 22.3 ± 0.9 22.0 ± 0.4 

SA4 460 ± 25 450 ± 24 8.5 ± 0.3 8.4 ± 0.4 21.5 ± 0.3 22.2 ± 0.2 

SA5 440 ± 22 420 ± 27 7.2 ± 0.7 7.5 ± 0.4 24.3 ± 0.6 23.9 ± 0.5 

SA6 350 ± 23 330 ± 33 7.6 ± 0.2 6.0 ± 0.3 21.7 ± 0.5 20.5 ± 0.6 

SA7 360 ± 20 320 ± 36 6.9 ± 0.3 6.9 ± 0.3 20.0 ± 0.4 21.3 ± 0.6 

 

3.2. Analysis of the residual stresses 

The EAW and AW and EAT and AT of the AW and AT layers, respectively, which were calculated using 

the mixing rule [14], are listed in Table 4. The residual stresses calculated using formulas (4) and (5) are 

listed in Table 5. The residual stress in the AW layers was approximately 400 MPa. In addition, the residual 

tensile stress in the AT layers ranged from 34 to 96 MPa (Table 5). The residual tensile stress in the AT 

layer resulted in a straight crack propagation path, which was short and consumed small energy. In contrast, 

the residual compressive stress in the AW layer resulted in a notable deflection of the expansion path, thus 

leading to the consumption of more energy. These results indicate that the enhancement in the strength and 
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toughness of the Al2O3-TiC-WC-Co layered composites could be attributed to the presence of the 

compressive residual stress (Table 5), which is consistent with the findings of previous studies [3–6, 26]. 

Table 4 Young modulus (EAW and EAT) and coefficient of thermal expansion (AW and AT) of the AW 

and AT layers 

 AW AT 

EAW/EAT (GPa) 380 363 

AW/AT (10–6 K–1) 6 7 

Table 5 Residual stresses in the AT and AW layers of the samples 

 SA1 SA2 SA3 SA4 SA5 SA6 SA7 

AT/AW thickness ratio (TR) 3 4 5 6 7 8 9 

AT Residual tensile stress (MPa) 96 74 58 50 43 34 34 

AW Residual compressive stress (MPa) –346 –372 –389 –398 –405 –414 –414 

 

3.3 Microstructures 

 

 

Fig. 4 SEM showing the fracture morphology of SA4 (NLN = 7, TR = 6): (a) low-magnification SEM 

image; (b) high-magnification SEM image; (c) enlarged AT layer, and (d) enlarged AW layer 

a 

AT layer 

AW layer 

b 
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Fig. 4 shows the fracture morphology of SA4. A transparent interface was present between the AW and 

AT layers, which possessed different microstructures. A high-resolution image of the green circled area in 

Fig. 4(a) is shown in Fig. 4(b). Figs. 4(c) and (d) show high-resolution SEM images of the AT and AW 

layers, respectively. Several bumps and pits were observed on the surface of the AW layer (Fig. 4(c)). In 

contrast, there were almost no bumps and pits on the surface of the AT layer, resulting in indistinguishable 

grain boundaries (Fig. 4(d)). 

In addition, the intergranular collapse was the main rupture pattern of the AW layer (Fig. 4(d)), whereas 

trans-granular collapse was the main rupture pattern of the AT layer (Fig. 4(c)). Furthermore, the AW layer 

exhibited a regular grain profile with clear grain boundaries (Fig. 4(d)), whereas the AT layer exhibited 

irregular grain profiles and indistinguishable grain boundaries (Fig. 4(c)). Consequently, the combination 

of the intergranular (AW layer) and trans-granular (AT layer) collapse rupture pattern improved the strength 

of the Al2O3-TiC-WC-Co layered composites. 

 

 

Fig. 5 SEM images showing the cracks on the AW layer of the Al2O3-TiC-WC-Co composites: (a) SA2 

(NLN = 9, TR = 4); (b) SA4 (NLN = 7, TR = 6); (c) SA5 (NLN = 7, TR = 7) 

Fig. 5 shows the crack propagation on the polished surface of SA2, SA4, and SA5. In all the samples, 

cracks propagated around the pinned particle on the polished surface, which resulted in microscale 
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deflection wherein the cracks met the pinned particles. In addition, bridging was observed on the polished 

surface of the samples. Furthermore, the propagation of cracks extended to the interior of the specimens, 

and partial surface bonding was observed along the cracks. The deflection, bridging, and partial surface 

bonding could be attributed to the residual compressive stress, which enhances the toughness of the 

Al2O3-TiC-WC-Co layered composites. The presence of Co phase in the composite leads to crack 

deflection because its low hardness facilitates the absorption of more fracture energy cracks, thus affecting 

the crack propagation path [13]. 

3.4. Identification and analysis of the fracture characteristic 

Fig. 6 shows the relationship between the residual bending strength of SA4 and the indentation load in 

the X and Z directions. The variation in the bending strength of the sample with an increase in the 

indentation value from zero is plotted in Fig. 6. The bending strength of SA4 in the X and Z directions after 

loading was lesser than the original. In addition, the residual bending strength of SA4 decreased gradually 

with increasing indentation load, indicating that the indentation load had no significant effect on the 

bending strength. This tolerance corresponded to the excellent ability of the sample to resist sudden 

fracture, which could be attributed to the protective effect caused by the residual compressive stress [26]. 

Fig. 7 shows the change in the toughness curve of SA4 in the X and Z directions with an increase in the 

crack size using formula (3). The  and ξ of SA4 were 1.24 and 0.016, respectively [27]. In addition, the 

KSIN of SA4 sharply decreased and then increased with increasing crack size, and the curve exhibited 

notable resistance characteristics. The gradual increase in the KSIN of SA4 could be attributed to the 

inherent toughening effect of the sample [20], which ameliorated the resistance of the composite to crack 

propagation. 

 

Fig. 6 Plot of the bending strength of SA4 against the indentation load 
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Fig. 7 Toughness curves of SA4: (a) X direction and (b) Z direction under different loads (9.8, 19.6, 49 and 

98 N) 

 

The change in the bending strength of the Al2O3-TiC-WC-Co layered composites with varying 

displacement is shown in Fig. 8. A notable elastic–plastic deformation was observed when the 

displacement was less than 0.05 mm, which could be attributed to the enhancement in the resistance of the 

layered composites to crack propagation [25, 26, 28]. In addition, the length of the terminal curve of the 

various layered composites was similar, and the curves of all the samples exhibited an abrupt hardening 

characteristic with an increase in stress after the initial slight delay (Fig. 8(b)). This characteristic could be 

attributed to the similar interface and residual stress in the Al2O3-TiC-WC-Co layered composites [26]. It 

was concluded that the bending strength of the Al2O3-TiC-WC-Co layered composite is affected by the 

state of interface and the distribution of the residual stresses at interface and non-interface regions. 

The effect of a layered structure on the bending strength of layered composites is not clear. Some studies 

reported that a layered structure decreases the strength of layered composites owing to the weak interfacial 

adhesion between the layers of the composites [5, 11]. However, other studies found that a layered structure 

improves the strength of layered composites [6]. In this study, we found that the layered structure improved 

the strength of the Al2O3-TiC-WC-Co layered composites. Furthermore, the intergranular and 

trans-granular mixed fracture modes were found to enhance the strength of the composites. In addition, the 

bond strength between the interfaces of the composites was relatively high, thus leading to a fracture curve 

with a ductile-fracture characteristic (Fig. 8), which is consistent with the findings of a previous study [6]. 
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Fig. 8 Relationship between the bending strength and displacement of the Al2O3-TiC-WC-Co layered 

composites: (a) original plot and (b) enlarged plot 

  

Fig. 9 Typical macrograph of the fracture surface of the Al2O3-TiC-WC-Co layered composite after the 

bending strength tests (a) and schematic model (b) 

To further analyse the effect of the layered structure on the fracture mechanisms of the 

Al2O3-TiC-WC-Co composite, a typical macrograph of the fracture surface of the composite after the 

bending strength tests was obtained, and the schematic model of the fracture surface is shown in Fig. 9. 

Compared to the straight crack propagation of monolithic Al2O3 and Al2O3-TiC composites on the 

macroscale [20, 29], notable crack deflection occurred along with different layers in the Al2O3-TiC-WC-Co 

composite. The tensile stress in the AT layer resulted in a small angle between the crack propagation path 

and the layered interface. The small angle indicated that the tensile residual stress reduced the capability of 

the layer to absorb fracture energy and prevented crack propagation, thus shortening the entire crack 

propagation path. In contrast, the compressive residual stresses in the AW layer resulted in a larger angle, 

which was considered as the effective toughening mechanism in the layered composites. This is because 

the residual stress increased the crack propagation length, thus enhancing the ability of the layer to absorb 

fracture energy during the fracture process. In addition, the crack propagated along with different interfaces, 
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indicating that the bond strength between the interfaces was weaker than the strength inside the layer (Fig. 

9). This implies that the weak interface bonding in the Al2O3-TiC-WC-Co layered composite facilitated the 

absorption of fracture energy by the composite. 

The effect of the crack size on the critical stress at the crack tip, c, was calculated using the following 

formula [30]: 

2/1)]/([ cQE pC = , (7) 

where Qp is a constant related to the fracture energy. Formula (7) indicates that c decreases with an 

increase in c. The intergranular fracture of the AW layer resulted in a relatively longer crack propagation 

path, thus significantly reducing the possibility of sudden fracture in the Al2O3-TiC-WC-Co layered 

composite with an increase in the length of the crack propagation path. 

Several factors contributed to the amelioration of the crack propagation ability of the Al2O3-TiC-WC-Co 

layered composites, such as (1) mismatch in the CTEs of the matrix and additives, particularly, the residual 

compressive stress, (2) multiple interfaces caused by the layered structure of the composite, and the 

interface bonding state, which resulted in the deviation of the crack propagation path from the original path 

when it crossed the interface, and (3) combination of the trans-granular and intergranular fracture modes in 

the composites. Thus, the gradual increase in the KSIN of the composites with an increase in the crack size 

could be attributed to the aforementioned factors at the micro and macro levels. 

The lateral crack propagation and the intersection of the surface according to the Marshall indentation 

theory are shown in Fig. 10. The height, h, and lateral crack length, CL, of the plastic zone were calculated 

using the following formulas [31]: 
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where   is the angle of the indentation tip, U is the energy absorbed by the indented material, and L ,

o , , , and A are constants. The relationship between the mechanical properties and volume of the plastic 

zone, VP, can be expressed using the following equation [31]: 
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where ρt is the density of the Al2O3-TiC-WC-Co layered composites. 
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Fig. 10 Schematic illustration of the formation of lateral crack and radial crack in (a) monolithic Al2O3 

composite and (b) Al2O3-TiC-WC-Co layered composite (CL: lateral crack length, Rb: plastic zone) 

According to formula (10), Vp decreased with an increase in KIC, which was accompanied by a decrease 

in h and CL. This indicates that the layered structure had a positive significant effect on the fracture 

toughness of the composites and a deleterious effect on its hardness. Formula (10) indicates that in 

comparison to the monolithic Al2O3 composite, the Al2O3-TiC-WC-Co layered composite absorbed more 

energy, which resulted in a decrease in the volume of its plastic zone (Fig. 10). Meanwhile, a lower Vp 

corresponded to a high fracture resistance of the Al2O3-TiC-WC-Co layered composite. It was confirmed 

that the radial crack in the Al2O3-TiC-WC-Co layered composite was influenced by the compressive stress 

state (Fig. 10(b)). This provided a new theoretical perspective for describing the mechanism of the effect of 

the layered structure on the fracture toughness of composites for the prevention of fracture. 

4. Conclusion 

In this study, the structural design, microstructure, and mechanical performance of Al2O3-TiC-WC-Co 

layered composites, particularly, their fracture behaviour in the X and Y directions, were investigated. The 

following three conclusions were drawn. 

(1) SA4 (NLN = 7, TR = 6) achieved bending strengths of 460 and 450 MPa in the X and Z directions, 

respectively, which were the highest among the analysed samples. In addition, the fracture toughness and 

hardness of SA4 in the AT layers and AW layers were 8.5 and 8.4 MPa·m1/2 and 21.5 and 22.2 GPa, 

respectively. 

(2) The enhancement in the bending strength of the Al2O3-TiC-WC-Co layered composite could be 

attributed to the combination of the intergranular (AT layer) and trans-granular (AW layer) fracture modes, 

layered structure, interface bonding state, and distribution of residual stress. In addition, the gradual 
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increase in the KSIN of the Al2O3-TiC-WC-Co layered composites with an increase in the crack size could 

be attributed to a combination of microscale and macroscale factors. Furthermore, the tensile residual 

stress in the AT layers resulted in a straight crack propagation path, whereas the compressive residual 

stresses in the AW layers resulted in a notable crack deflection and partial surface bonding. 

(3) A new perspective was proposed to describe the mechanism of the effect of the layered structure on 

the fracture toughness of the layered composites. In addition, a schematic illustration of the formation of 

lateral and radial cracks in the Al2O3-TiC-WC-Co layered composites was proposed. The results revealed 

that the radial crack in the composite was influenced by the presence of compressive stress. 
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