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A B S T R A C T   

With the rapid and adaptable process properties, laser directed energy deposition (LDED) is increasingly 
becoming popular for the direct additive manufacturing of melt growth eutectic composite ceramics. In this 
research, LDED is used to fabricate TiCp-reinforced Al2O3–ZrO2 eutectic ceramics. The inhibitory mechanism of 
various ratios (0 wt % - 50 wt %) of TiCp on crack and porosity defects is investigated. In addition, a summary of 
the influence of TiCp on the microstructure and mechanical properties is provided. The results indicate that TiCp 
particles are uniformly distributed throughout the matrix, and the eutectic microstructure around TiCp exhibits 
an irregular eutectic transition as a result of a decrease in solidification rate. The mismatch of thermal expansion 
coefficient and elastic modulus between TiCp and Al2O3–ZrO2 eutectic matrix causes the cracks to be pinned and 
transgranular, which suppresses the cracks effectively. Meanwhile, doping TiCp particles enhances the molten 
pool impact and increases the molten pool temperature, which accelerates the gas escape rate, leading to the 
porosity decreasing from 6.37% to 0.29%. In comparison to Al2O3–ZrO2 eutectic ceramics, 50 wt% TiCp content 
results in the greatest flexural strength and fracture toughness, with increases of 34.18 and 13.42%, respectively. 
The greatest compressive strength is attained at 30 wt% TiCp doping, which is approximately 83.75% greater 
than eutectic ceramics.   

1. Introduction 

Al2O3–ZrO2 eutectic ceramics are melt growth composites with a 
tightly bonded nano eutectic microstructure. Both at room temperature 
and at high temperatures, they exhibit good creep resistance and high 
temperature strength [1–10]. Therefore, Al2O3–ZrO2 eutectic ceramics 
have the potential to be used as wear-resistant components, tailpipes, 
and heat shields [11–14]. Bridgman method [15], laser floating zone 
method [16], micro pulling down method [17,18], and edge defined 
film-fed [19] are among the typical techniques for preparing 
Al2O3–ZrO2 eutectic ceramics. The limitations of these technologies 
include a high energy consumption, a complex procedure, and a lengthy 
preparation time. 

LDED is an additive manufacturing technology that employs the laser 
as a high-energy heat source to effectively melt high melting point 

materials for deposition and shaping [20,21]. In recent years, LDED has 
become increasingly popular for the direct preparation of melt growth 
ceramics [22–26]. LDED enables the fabrication of samples in one-step 
without sintering, in contrast to traditional procedures. Therefore, 
shrinkage and deformation during sintering, as well as the entry of im
purities such binder, are prevented. In addition, LDED is very adaptable 
in terms of component size, structure, and composition, and the fabri
cated samples are not constrained by the crucible, allowing for the quick 
manufacturing of composite materials and even functional gradient 
materials [27–29]. Due to the rapid melting and solidification of the 
material, the LDED fabrication process features a significant tempera
ture gradient, which results in a complicated high-stress evolution inside 
the sample, causing defects such as cracks and porosity [30]. In response 
to these challenges, researchers have investigated process optimization 
[5,23,24,26,31] and combined ultrasonic-assisted [22,32] and 
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high-temperature preheating [33–35] strategies to control both the 
characteristics and defects. Hu et al. [22] fabricated Al2O3–ZrO2 bulk 
ceramics using ultrasound-assisted LDED and discovered that extra ul
trasonic vibrations had the effect of grain refinement and crack sup
pression. Su et al. [26] manufactured Al2O3/GdAlO3/ZrO2 ternary 
eutectic ceramics via LDED with the assistance of both 700 ◦C substrate 
preheating and laser slow cooling to prevent cracks. However, the effect 
of these approaches diminishes as the sample height increases. Conse
quently, there is an urgent need to develop a method that operates 
constantly during the sample deposition process. 

During the sintering preparation, researchers have added second 
phase particles, such as SiCp [36–39], TiCp [40], etc., to improve the 
characteristics of ceramics. Young et al. [41] created Al2O3–SiC tools 
using the hot-pressing sintering process and discovered that SiCp par
ticles had a grain refinement effect, which considerably improved the 
cutting performance of tools. Bai et al. [42] doped Si3N4 particles into 
the Al2O3 matrix and found that cracks pinned or deflected at Si3N4 
particles. In general, the rigid particles of the second phase have a larger 
elastic modulus than the matrix material. Besides, the distribution of 
rigid particles in the matrix causes crack pinning, transgranular and 
deflect, consequently preventing crack propagation and enhancing 
material. Therefore, the method of hard particle doping is promising to 
solve the defects in LDED fabricating melt growth ceramics. 

The authors have employed SiCp particles to improve defects in 
Al2O3–ZrO2 eutectic ceramics fabricated by LDED [43]. SiCp particles 
are shown to have a considerable influence on cracks and porosity in
hibition, although the SiCp powder is poorly liquidity and the doping 
ratio is only 25 wt%. As the doping ratio keeps rising, the powder ad
sorbs to each other and forms clusters. Powder aggregation is compa
rable to porosity, which degrades the sample overall mechanical 
properties. Furthermore, the flexural strength of SiCp reinforced 
Al2O3–ZrO2 eutectic sample decreases. Literature demonstrates [44,45] 
that TiCp particles have a low creep rate at high temperatures and grain 
boundary slip is not easily induced, hence contributing to the 
enhancement of the flexural strength of the ceramic matrix material. In 
terms of solidification process, SiCp sublimates directly at 1800 ◦C, 

therefore disintegrating into carbon and silicon-containing vapors dur
ing high temperature solidification, which severely restricts the material 
applicability in high temperature environments [43]. Studies have 
shown [46,47] that TiCp particles have an extraordinarily high melting 
point (3450 ◦C), and their hardness is second only to that of diamond. 
Additionally, great hardness and a low coefficient of friction are benefits 
of TiCp particles. In addition, the flowability of TiCp with the same 
particle size is superior to that of SiCp. This work thus proposes adding 
TiCp particles to Al2O3–ZrO2 eutectic ceramic samples. LDED is used to 
fabricate Al2O3–ZrO2 eutectic ceramics with varying TiCp contents, and 
the effect of TiCp particles on cracks, porosity, and mechanical prop
erties is investigated. 

2. Experimental conditions and method 

2.1. Experimental equipment and materials 

The experiment was conducted by LDED equipment shown in Fig. 1, 
which consisted of five parts: JK1002 Nd: YAG continuous laser, DPSF- 
2D powder feeder, CNC machine, industrial computer and circulating 
cooling water system. The laser with 1064 nm wavelength is delivered 
by optical fiber. During the experiment, high-purity argon (99.99% 
purity) supplied powder through a powder feeder to the tube and pro
vided atmospheric protection for the deposition process. 

Spherical Al2O3 powder (40–90 μm particle, Ya’an Bestry Perfor
mance Materials Corporation) and 8 wt% Y2O3 stabilized ZrO2 powder 
(40–90 μm particle, Beijing Sunspraying New Materials Corporation) 
were used during LDED. No-spherical TiCp powder with the same par
ticle size was purchased from Beijing Xingrongyuan Technology Cor
poration (Fig. 2). Fig. 3(a) depicts the XRD results of three powders, the 
principal constituents of which are listed in Tables 1–3. Before the 
experiment, the powder was dried for more than 4 h at 120 ◦C to assure 
its fluidity. Al2O3 and ZrO2 powder were mechanically mixed in eutectic 
proportion (57.4 wt%: 42.6 wt%) prior to the addition of TiCp powder in 
proportions of 10 wt% (AZT10), 30 wt% (AZT30), 50 wt% (AZT50), 70 
wt% (AZT70), and 90 wt% (AZT90). Fig. 3 (b) is the XRD pattern of 

Fig. 1. LDED system.  
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mixed powder. Considering the need to maintain good wettability and 
thermal expansion coefficient between sample and substrate, a hot- 
pressed sintered Al2O3 substrate (150 mm × 100 mm × 15 mm, 95% 
purity, Shanghai Xiyuan Industry Corporation) was used as the substrate 
in the experiments. 

2.2. Experimental method 

In this experiment, the following process parameters remained 
constant: laser power 340 W, scanning speed 400 mm/min, interlayer 
lift 0.4 mm, laser spot diameter 2 mm, and powder feeding rate 3.6 g/ 
min. Cylindrical samples of Al2O3–ZrO2 eutectic and AZT10, AZT30, 
AZT50, AZT70, AZT90 with 4 mm diameter and 36 mm deposition 
height were fabricated on the Al2O3 substrate. High-purity argon 
(99.99%) was used to deliver powder to substrate. The coaxially trans
mitted powder melted fast under the influence of the Nd:YAG laser 
beam, and the workstation lowered one layer lift Δz for every layer 
completed, depositing a total of ninety layers to finish the cylindrical 
sample. The height distance between the cladding head and the molten 

pool was kept as a constant during LDED. 

2.3. Detection and analysis 

After finishing the sample preparation, the longitudinal section of 
the sample was ground and polished by diamond grinding discs (400 #, 
800 #, 1500 #, 2000 #, 3000 #) and 2.5 μm diamond grinding paste. 
Field emission scanning electron microscopy (SU5000) was utilized to 
analyze the microstructure of the materials, whilst the energy dispersive 
spectrometer (EDS) of the scanning electron microscopy was utilized to 
identify the type and proportion of elements in particular regions. X-ray 
diffraction (XRD-6000) was used to analyze the phase composition of 
powder and shaped samples. The target is a Cu target with operating 
voltage of 40 kV, operating current of 30 mA, diffraction angle of 2θ set 
to 10◦~100◦ and scanning speed of 4◦/min. The ratio of the pore area to 
the total cross-sectional area of the same deposition height cross-section 
was computed as porosity by using Image Pro Plus, and the average 
value for each set of three samples was determined. The longitudinal 
section of the polished sample was measured by Vickers hardness tester 

Fig. 2. Experimental materials: (a)Al2O3 powder; (b)ZrO2 powder; (c)TiCp powder.  

Fig. 3. XRD patterns of powders: (a) Al2O3, ZrO2 and TiCp; (b) mixed powder.  

Table 1 
Composition and content of Al2O3 powder (wt.%).  

Composition Al2O3 SiO2 Fe2O3 Na2O CaO 

Content >99.9 0.0041 0.0021 0.0014 <0.001  

Table 2 
Composition and content of ZrO2 powder (wt.%).  

Composition ZrO2 Y2O3 Al2O3 MgO SiO2 Fe2O3 CaO Na2O 

Content >90.3 7.5–8.5 <0.01 <0.01 <0.02 <0.002 <0.002 <0.01  

Table 3 
Composition and content of TiCp powder (wt.%).  

Composition TiC Si/Ca K/Na Fe Al 

Content >99.1 <0.01 <0.005 <0.09 <0.01  
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with a load of 4.903 N and a dwell time of 15 s. The Vickers hardness was 
calculated by equation (1): 

Hv= 1854.4 ×
P
d2 (1)  

where Hv is the Vickers hardness (GPa), P is the loading force (N), and 
d is the arithmetic mean of two diagonals of the indentation (μm), where 
the average value of ten indentations was taken for each group of 
samples to obtain the microhardness. First, the elastic modulus of 
Al2O3–ZrO2 eutectic composite ceramics with different TiCp content was 
evaluated by the rule of mixtures (ROM). For each proportion of sam
ples, the upper and lower elastic moduli of the whole composite ce
ramics were obtained by Voigt (Equation (2)) [48] and Reuss (Equation 
(3)) [49] models. The calculated mean value of the upper and lower 
bounds of the elastic modulus was the overall elastic modulus. The 
modulus of elasticity of Al2O3–ZrO2 eutectic ceramics at room temper
ature is 317.8 GPa, while that of TiCp is 470 GPa. 

Eup
Composite =EaVa + Em(1 − Va) (2)  

1
Elow

Composite
=

Va

Ea
+

1 − Va

Em
(3)  

where Eup
Composite is the upper bound of the elastic modulus of composite, 

Elow
Composite is the lower bound of elastic modulus, Ea is the elastic modulus 

of TiCp, Va is the volume fraction of TiCp (The calculation results are 
shown in Table 4), Em is the elastic modulus of Al2O3–ZrO2 eutectic 
ceramics, and the elastic modulus of the overall composite is calculated 
according to the upper and lower bound of the elastic modulus. 

Since the cracks produced by the indentation are Palmqvist cracks, 
the fracture toughness of the composite ceramic material was calculated 
according to equation (4) [50]: 
(

KICφ
HV

̅̅̅
d

√

)(
HV
Ecφ

)0.4

= 0.035
(

l
a

)− 1/2

(4)  

where KIC is the fracture toughness (MPa⋅m1/2), Φ is the shape constraint 
factor (Φ ≈ 3), Ec is the elastic modulus of the composite (GPa), l is the 
Babbitt crack length (μm), and a is the half length of indentation diag
onal (μm). 

The three-point flexural test (GBT 6569-2006) was performed to 
measure the sample flexural strength. The cylindrical sample was 
ground into a rectangle sample with a cross-sectional dimension of 3 
mm × 4 mm for the flexure test, where span was 30 mm and movement 
speed of the pressing head was 0.5 mm/min, and the flexural strength of 
the sample was calculated according to equation (5): 

σf =
3FL
2bd2 (5)  

where F is the maximum load (N), L is the span (mm), b is the fracture 
width (mm), and d is the fracture thickness (mm). 

In the universal mechanical properties testing equipment (WDW- 
20E) used to measure the compression strength of the sample (GBT 
8489-2006), the sample size was Φ5 × 12.5 mm and the pressing head 
moved at 0.2 mm/min. Calculation of compression strength based on 
equation (6). 

σc =
P
A

(6)  

where P is the maximum load (N) and A is the cross-sectional area of the 
sample (A = πd2/4, mm2). The final figures for flexural and compression 
strength are the average of ten samples. 

3. Results and discussion 

3.1. Macroscopic morphology and microstructure characteristics 

3.1.1. Macroscopic morphology 
Fig. 4 represents the macroscopic morphology of cylindrical samples 

with varying amounts of TiCp. In the mode of layer-by-layer deposition, 
the exterior surface of the sample exhibits interlayer bonding features. 
The color of TiCp-doped samples altered from milky white to yellowish- 
gray, and the phenomena of sticky powder is observed. When TiCp 
doping ratio is less than 50 wt%, the sample radius drops from 6.63 mm 
to 5.42 mm as the TiCp content increases. When the content of TiCp 
exceeded 50 wt% (AZT70, AZT90), a great deal of smoke is produced 
during LDED, and the surface of sample is golden yellow (Fig. 4 (e), (f)). 
What’s more, the surface roughness and shape accuracy have worsened 
dramatically. In addition, AZT70 and AZT90 have low strength and are 
extremely easy to fracture during removal from the substrate, with some 
powder flowing out (Fig. 5 (a)). As shown in Fig. 5 (b), the internal 
fracture of sample is a loose porous structure. 

The XRD result (Fig. 5 (c)) indicates that the yellow matter on the 
surface of samples with a high proportion of TiCp (AZT70, AZT90) is 
composed of TiO2. TiCp is extremely sensitive to the reaction depicted in 
equation (7) at high temperature aerobic circumstances, resulting in the 
oxidation of yellow TiO2 sparse material, according to the findings of 
related research [51]. TiCp is a typical refractory transition metal car
bide that occurs as unfused particles during LDED. When the TiCp ratio 
is too high, the TiCp in the sample’s outer layer is exposed to air and 
oxidizes, causing the sample to become golden. In the fabrication pro
cess of Al2O3–ZrO2 eutectic samples, the powder is melted by laser to 
form molten pool. However, when the surface tension of a molten pool 
cannot be balanced by gravity, the pool outflows to both sides, 
increasing the diameter of the sample. When the proportion of TiCp 
doping is lower than 50 wt%, the proportion of Al2O3–ZrO2 eutectic 
powder utilized for melting to form the molten pool drops as the pro
portion of TiCp increases. The area of ceramics melt diffusion in the 
deposited layer decreases, resulting in the decrease of sample diameter. 
During the deposition process of the high percentage TiCp sample, TiCp 
particles impede the connection of the ceramics melt, and the interior of 
the sample is loose and porous. Therefore, a portion of the unfused TiCp 
particles are left in a dispersed state inside the sample, which contributes 
to its exceedingly low strength. As it is difficult for samples with a TiCp 
content above 50 wt% to fulfill the mechanical requirements of the 
majority of actual applications, only samples with a TiCp content below 
50 wt% are discussed here. 

2TiC(s)+ 3O2(g) = 2TiO2(s) + 2CO(g) (7)  

3.1.2. Particle distribution and binding 
Fig. 6 (a) shows the distribution features of TiCp particles in the 

sample, where TiCp particles are significantly concentrated inside the 
sample and less scattered at the boundaries. Fig. 6 (b)–(d) demonstrates 
that TiCp particles are spread equally throughout the matrix. As the TiCp 
ratio rises, the proportion of TiCp particles in the sample increases 
dramatically. In addition, the TiCp particles are well-defined and their 
boundary contains a white phase. This white phase comprises the 
components Al, Zr, O, as well as Ti and C, as seen in Fig. 7. Related 
studies have shown [43] that this white phase is the product of the 
interfacial reaction between particles and eutectic matrix, which 
possibly contributes to their interfacial bond strength. 

Table 4 
Volume fraction of composite TiCp.  

Group TiCp mass fraction TiCp volume fraction 

AZT10 10% 9.39% 
AZT30 30% 28.56% 
AZT50 50% 48.27%  
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Related studies [52,53] have demonstrated that the particle distri
bution in the melt is mostly determined by the viscosity of the melt and 
the viscosity resistance of the liquid phase (Fig. 8). The Al2O3–ZrO2 
eutectic melt spreads around during LDED, so the melt pool is slightly 
larger in diameter than the scanning range of the laser. TiCp particles 
have a greater barrier to diffusion into the area beyond the laser scan, 
since the abrupt reduction in temperature increases the viscosity of the 
melt pool. In the region directly scanned by the laser, the temperature of 
the melt pool is higher, resulting in less resistance to the movement of 
the TiCp particles. In addition, due to the short solidification time, only a 
tiny number of TiCp particles are dispersed at the sample boundary prior 
to the solidification of the melt. 

3.1.3. Eutectic micrstructure 
Fig. 9 depicts the microstructure of Al2O3–ZrO2 eutectic ceramics 

with varying TiCp doping ratios. As the proportion of TiCp increases, 
unmelted TiCp particles in the molten pool inhibit the formation of large 
crystal structures, resulting in a decrease in the size of the matrix crystal 
structure (Fig. 9 (a)–(c)). After doping with TiCp, dendritic eutectic 
begins to form around TiCp particles in AZT10 (Fig. 9 (b)). As the pro
portion of TiCp increases, the eutectic microstructure around TiCp 
particles eventually assumes an irregular form (Fig. 9 (d)). 

The temperature of the two-phase eutectic point in the Al2O3–ZrO2 
binary eutectic phase diagram [54] is 1860 ◦C, and the eutectic 
composition is 57.4 wt% Al2O3 + 42.6 wt% ZrO2. The growth mode of 
Al2O3–ZrO2 eutectic structure under equilibrium conditions depends on 
the Jackson factor α = ΔSf/R (ΔSf is the entropy of melting and R is the 

Fig. 4. Sample with different TiCp content: (a) Al2O3–ZrO2 eutectic; (b) AZT10; (c) AZT30; (d) AZT50; (e) AZT70; (f) AZT90.  

Fig. 5. Analysis of AZT70 sample:(a) AZT70 fracture sample; (b) Fracture diagram; (c) XRD pattern of yellow matter. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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gas constant.) [55], where the corresponding α values of Al2O3 and ZrO2 
are 5.7 and 3.5, respectively [56]. Due to Al2O3 phase grows in a faceted 
growth, while ZrO2 phase grows in a non-faceted or weak faceted 
growth. At low solidification rates, Al2O3–ZrO2 usually grows in a 
faceted/non-faceted way. These growth modes determine that 
Al2O3–ZrO2 eutectic ceramics are facile in forming irregular or 
complex-regular eutectic microstructure [1]. However, the cooling rate 

of the LDED fabrication process is very fast, and the Al2O3 phase with a 
faceted microstructure turns into a rough interface, eventually leading 
to a lamellar or rod-shaped regular eutectic microstructure (Fig. 9 (a)) 
[57,58]. Extremely huge temperature differential exists at the bottom of 
the molten pool in the direction of deposition. During LDED, when heat 
is transferred to the substrate, crystals develop in the opposite direction 
of the heat flow to produce a columnar structure. According to 

Fig. 6. Distribution of TiCp in the longitudinal section of the sample: (a) AZT30 sample longitudinal section; (b) AZT10; (c) AZT30; (d) AZT50.  

Fig. 7. TiCp particle boundary white phase EDS element detection.  

Fig. 8. Diagram of TiCp distribution.  
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Jackson-Hunt theory [59], the eutectic system grown under equilibrium 
conditions satisfies λ2v = C (λ is the eutectic spacing, v is the growth 
rate, and C is the property constant) [18,55]. Al2O3–ZrO2 eutectic ce
ramics exhibit submicron eutectic spacing as a result of the fast micro
structure development rate v brought about by the rapid cooling of the 
samples during fabrication. 

The temperature gradient at the solid-liquid interface is an important 
factor affecting the growth characteristics of the eutectic structure. TiCp 
particles form a low-energy solid-liquid interface in the molten pool, 
hence promoting the nucleation of eutectic microstructures and 
enhancing the nucleation rate. Near TiCp particles, Al2O3 and ZrO2 
phases are simpler to nucleate and develop in a dendritic eutectic 
manner. Dendritic eutectic transition of Al2O3–ZrO2 eutectic structure 
occurs at this time. ZrO2 phase embedded in Al2O3 phase (Fig. 9 (b)) 
[60] is symmetrically distributed in rod or fiber structure in dendritic 
eutectic. However, there is no obvious crystal transition zone in AZT50 
(Fig. 9 (d)). As shown in Fig. 9 (d), when the TiCp content reaches 50 wt 
%, the majority of the eutectic microstructure is irregular. TiCp to Nd: 
YAG laser with an output wavelength of 1.06 nm has a higher absorption 
rate than oxides such as Al2O3 and ZrO2 [61]. When the proportion of 
TiCp is too high, the rate of solidification of eutectic two phases between 
neighboring TiCp reduces dramatically. At low solidification rates, the 
eutectic two-phase diffusion distance is significantly greater than the 

layer spacing, and the eutectic coupling growth atoms diffuse 
adequately [1,62]. At this time, the solute concentration in the center of 
the eutectic phase differs from the solute concentration close to the 
three-phase point, therefore the development of the two eutectic phases 
is somewhat independent [63,64]. As seen in Fig. 9, The eutectic two 
phases grow independently nucleated from the melt and eventually form 
an irregular shape. 

3.2. Mechanism of TiCp particles on porosity and cracks 

3.2.1. Effect of TiCp doping on porosity 
Porosity is one of the major defects in the LDED ceramic fabrication. 

The presence of pores in ceramics has a significant effect on their per
formance, which decreases the fracture toughness of ceramics on the one 
hand. In addition, the pores contribute to the formation of cracks during 
the fabrication process [65,66]. The relationship between porosity and 
TiCp doping ratio is shown in Fig. 10 (a). The addition of TiCp particles 
inhibits the pores inside Al2O3–ZrO2 eutectic ceramics to a substantial 
degree. The average porosity of the Al2O3–ZrO2 eutectic samples is 
6.37%, and following doping with TiCp, the porosity of the samples 
decreases significantly. AZT10 has the lowest porosity among them at 
0.29%. As the TiCp proportion continued to rise, the porosity increased 
marginally. Fig. 10 (b) depicts the pore distribution features in the 

Fig. 9. Eutectic microstructure of samples with different TiCp doping ratios: (a) Al2O3–ZrO2 eutectic; (b) AZT10; (c) AZT30; (d) AZT50.  

Fig. 10. Poriosity of AZT composite ceramics material: (a) Relationship between porosity and TiCp ratio; (b)Pores distribution characteristics of Al2O3–ZrO2 
eutectic samples. 
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longitudinal section of the Al2O3–ZrO2 eutectic sample. Large pores are 
present within the sample, whereas pores of a smaller size are scattered 
near the boundary. Large pores no longer exist within AZT10 and 
AZT30, while tiny pores are still dispersed along the boundaries. AZT50 
has large internal pores again. 

During the deposition process, the pores form mostly because the gas 
cannot escape before the molten pool solidifies. There are three primary 
pore sources during LDED. Firstly, ceramics powders are transferred 
from high-purity argon to nozzles coaxial with the laser head, generating 
the molten pool under the action of the laser, and by the surface tension 
action of the molten pool, the powder transport a portion of the gas into 
the molten pool. Secondly, gas is contained inside the powder and es
capes into the molten pool. Thirdly, certain impurities in the powder are 
gasified in the molten pool at a high temperature. These gases enter the 
molten pool and create bubbles that are unable to escape due to the fast 
cooling of the molten pool, causing porosity defects. There are a large 
number of dispersed powders outside the focus, which fall into the 
molten pool outside the laser radiation range, where the temperature of 
molten pool is lower. The ratio of molecules reaching the evaporated 
state on the surface of the melt decreases, and the gravitational force 
increases due to the shortening of the average molecular spacing, 
resulting in a higher surface tension. The powder impacts the tail of the 
molten pool, where the low temperature and high viscosity inhibit gas 
escape, leading in the formation of additional pores at the sample 
border. 

The gas escape during LDED not only depends on the solidification 
rate of the molten pool, but also on the gas escape rate, which can be 
calculated from equation (8) [67]: 

Ve =
2g(ρL − ρG)r2

9η (8)  

where Ve is the escape rate of the gas, g is the acceleration of gravity (m/ 
s), ρL is the density of the molten pool (kg/m3), ρG is the density of the 
gas (kg/m3), r is the radius of bubble, and η is the viscosity of molten 
pool. From equation (8), the rate of gas spillage is inversely proportional 
to the viscosity of the molten pool, which is mainly calculated by 
equation (9) [67]. 

η= η0 exp
(

E + PV
RT

)

(9)  

where η0 is a constant, E is the viscous flow activation energy, P is the 
pressure of molten pool, V is the volume of molten pool, R is the molar 
gas constant, and T is the temperature. This equation demonstrates that 
when the temperature of the molten pool increases, the viscosity de
creases, which increases the rate of gas escape. Related studies [61] have 
shown that the absorption of Nd: YAG laser at an output wavelength of 
1.06 μm by TiCp particles is greater than that of oxides such as Al2O3 and 
ZrO2. So TiCp particles increase the absorption of the laser by the molten 
pool, which increases the temperature of the molten pool and thus 

accelerates the escape of gases. Meanwhile, TiCp persists as unfused 
particles with an irregular shape. During LDED process, TiCp particles 
puncture the bubbles in the molten pool, causing the gas within the 
bubbles to partially dissolve while the remaining gas escapes as tiny 
bubbles or remains in the sample to form pores. In addition, TiCp in
creases the impact of the molten pool and accelerates gas evacuation, 
hence lowering porosity [43,68] (Fig. 11). 

The reaction of equation (10) [69] occurs between Al2O3 and TiCp at 
high temperature. This reaction is accompanied by the release of gases, 
which is inhibited by Y2O3 in ZrO2 powder. The inhibition of equation 
(10) by Y2O3 is mainly due to the formation of solid solution by the 
added Y2O3, which is stable for TiCp and does not react chemically. 
Therefore, a stable phase composition exists between Al2O3 and TiCp, 
which prevents the chemical reaction between Al2O3 and TiCp [69]. 
However, when the proportion of TiCp doping exceeds 30 wt%, Y2O3 
cannot be adequately distributed between Al2O3 and TiCp. Therefore, 
when the proportion of TiCp is considerable, Y2O3 cannot entirely pre
vent the interaction between Al2O3 and TiCp. The XRD results (Fig. 12) 
shows that diffraction peaks of the product TiO started to appear in 
AZT30, and the intensity of diffraction peaks of TiO increased signifi
cantly in AZT50. Lee et al. [70] discovered that samples also included 
TiO when TiCp doping was up to 30 wt%. During the fabrication of 
AZT50, as there is less liquid phase in the molten pool, the gas generated 
by the reaction is also less dissolved in the liquid phase. Therefore, 
AZT10 has the lowest porosity. Consequently, when the ratio of TiCp 
rises, the porosity of AZT50 increases somewhat, and bigger pores form 
inside the sample. 

Fig. 11. Schematic diagram of pore suppression.  

Fig. 12. XRD pattern of the sample.  
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Al2O3 +TiC = Al2O + TiO + CO (10)  

3.2.2. Effect of TiCp doping on crack 
Cracking is difficult to suppress in LDED due to the high energy 

density of the laser beam and the inherent brittleness of ceramics, which 
severely restricts the application of ceramics remarkable high- 
temperature mechanical properties in different applications. Fig. 13 
depicts the crack characteristics of samples obtained in this study with 
varying TiCp doping ratios. In the longitudinal section of Al2O3–ZrO2 
eutectic and AZT10, there are clearly visible longitudinal cracks. There 
are no longitudinal cracks in AZT30 as the TiCp concentration rises. 
However, minor transverse cracks existed in the region with less TiCp 
particle distribution near the boundary, whereas the longitudinal sec
tion of AZT50 included no visible cracks. 

Cracking behavior of the sample is closely related to the stress dis
tribution during LDED. The deposits fabricated by the sample are all 
based on the initial deposited layer, and cracks that not remelted and 
healed in the previous deposited layer have an important effect on the 
crack extension. During the cooling process, the current layer has a 
different temperature than the previous layer, resulting in tensile ten
sion. Meanwhile, the unhealed crack tip in the first layer has a large 
stress concentration in the current layer, leading the crack to propagate 
and ultimately create a longitudinal crack beginning at the bottom of the 
sample [71]. There are also a few transverse cracks at the boundary of 
the sample. During cooling and solidification, the sample boundary is 
frequently subjected to increased tensile stress in the direction of 
deposition height, which leads to the propagation of transverse cracks to 
the center of the sample. However, when the crack expands to the area 
with dense TiCp particles in AZT30, the crack extends only at the 
boundary with a less dense TiCp particle distribution because TiCp im
pedes crack extension [72]. TiCp is densely distributed throughout the 
AZT50 sample, therefore TiCp particles placed near the crack source 
prevent the crack from spreading during the initial stage of crack for
mation, and thus no obvious cracks are observed inside AZT50. 

The interaction between TiCp particles and cracks is seen in Fig. 14. 
When a crack propagates near TiCp particles, if it does not propagate 
sufficiently far to break the bond between TiCp and eutectic matrix, the 
crack becomes pinned to TiCp (Fig. 14 (a)). If the crack extension energy 
is greater, the crack extends further through the TiCp particles (Fig. 14 

(b)). However, the consumed crack propagating energy shorten the 
distance of crack propagating. 

TiCp is dispersed as unmelted particles in the matrix, while TiCp 
particles have higher fracture surface energy than matrix [73]. The 
mismatch of thermal expansion coefficient and elastic modulus between 
TiCp particles and Al2O3–ZrO2 eutectic matrix are the primary causes of 
restraint cracking. Therefore, TiCp particles in Al2O3–ZrO2 eutectic 
matrix are subjected to the force P as shown in equation (11) [74]. 

P=
2ΔαΔTEm

(1 + vm) + 2β
(
1 − 2vp

) (11)  

where Δα = αp-αm (Δα is the difference in thermal expansion coefficient; 
m, p subscripts denote matrix and particle), v is the Poisson’s ratio, E is 
modulus of elasticity, and △T is the temperature difference, β = Em/Ep. 
This internal pressure creates a compressive stress σr in the matrix along 
the direction of the perpendicular particle surface and tensile stress σt 
tangential to the particle surface as follows [75]. 

σr =Pc3 (12)  

σt = −
1
2

Pc3 (13)  

where P is the internal pressure on the particle and c is the ratio of 
distance of the matrix from particle and the particle size. While the 
thermal expansion coefficient of TiCp is 7.74 × 10− 6 K− 1, that of Al2O3 is 
8.4 × 10− 6 K− 1, and that of ZrO2 is as high as 10.8 × 10− 6 K− 1 [76]. 
From equation (11), Δα < 0, so P < 0, σr < 0, and σt > 0. The Al2O3–ZrO2 
eutectic matrix is susceptible to compressive stress perpendicular to the 
surface direction of the particles and tensile stress tangential to the 
surface. Cracks at this stage are more likely to pinch the TiCp or pene
trate the particles (Fig. 15). When the crack propagation energy is 
insufficient to destroy the bonding between TiCp and the Al2O3–ZrO2 
eutectic matrix, the crack is difficult to penetrate through the TiCp 
particles and be pinned to the surface or inside of TiCp particles (Fig. 14 
(a)). When the crack propagation energy or external stress is high, 
transgranular occur (Fig. 14 (b)). However, transgranular fracture 
consume more crack propagation energy, which shortens the distance of 
crack propagation. 

Fig. 13. Crack morphology in longitudinal section of different TiCp ratio samples: (a) Al2O3–ZrO2 eutectic; (b) AZT10; (c) AZT30; (d) AZT50.  
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3.3. Effect of TiCp particles on mechanical properties 

3.3.1. Microhardness and fracture toughness 
The variation of microhardness and fracture toughness of composite 

ceramics with TiCp ratio is shown in Fig. 16 (a). The microhardness of 
Al2O3–ZrO2 eutectic matrix does not change significantly with the in
crease of TiCp content, ranging from 1693.43 HV to 1797.81 HV. 
However, the hardness of the TiCp particles distributed in the matrix is 
2482.35 HV, which is significantly greater than that of eutectic matrix. 
The crack generated by Vickers indentation extends diagonally around 
the indentation. The crack and indentation measured by Image Pro Plus 
satisfy the relationship of 0.25≤(c-a)/a≤2.5 (where a is the indent di
agonal, c is the radial crack size), indicating that it is the indentation 
crack for Palmqvist. According to Equation (4), the fracture toughness of 
ceramics with various TiCp proportions is computed. The results indi
cate that the fracture toughness of composite ceramics rises steadily 
with increasing TiCp doping, with the fracture toughness of AZT50 
reaching 4.14 ± 0.19 MPa m1/2, a 13.42% increase. TiCp-reinforced 
particles have a greater fracture surface energy than matrix, and 

indentation cracks prefer to terminate at TiCp particles (Fig. 16 (b)). The 
uniform distribution of TiCp in AZT composite ceramics is more 
favourable to crack pinning and transgranular fracture than in 
Al2O3–ZrO2 eutectic ceramics (Fig. 14). Thus, the energy of crack 
extension is effectively absorbed to achieve the toughening effect. 
Likewise, as TiCp doping rises, the elastic elasticity of composite ce
ramics increases proportionally, and crack propagation requires a 
greater driving force. Consequently, the fracture toughness of AZT 
composite ceramics is greater than that of Al2O3–ZrO2 eutectic ceramics. 

3.3.2. Flexural strength 
Fig. 17 shows the relationship between the flexural strength of 

composite ceramics and the content of TiCp measured by three-point 
flexural method. The average flexural strength of Al2O3–ZrO2 eutectic 
ceramic samples is 168.43 ± 42.57 MPa, while the maximum flexural 
strength is 226 ± 17.13 MPa when the TiCp concentration is 50 wt%, 
representing an increase of 34.18%. According to Griffith’s intensity 
theory [77]: 

σf =

̅̅̅̅̅̅̅̅̅̅
2Eγf

πa

√

(14)  

where σf is the flexural strength; E is the modulus of elasticity; γf is the 
fracture surface energy, which can be used to describe the energy 
consumed per unit area of crack propagation in the sample; and a is the 
crack size. Therefore, internal crack size, elastic modulus and fracture 
surface energy of the sample are three factors affecting the flexural 
strength. 

Firstly, due to the existence of internal penetration cracks in AZT10, 
the fracture of the flexural test samples clearly demonstrates that AZT10 
is broken along the cracks (Fig. 17 (b)). Consequently, the flexural 
strength of AZT10 is lower than that of Al2O3–ZrO2 eutectic ceramics, 
and then it progressively increases as TiCp doping increases. As a result 
that the elastic modulus of TiCp particles is greater than that of 
Al2O3–ZrO2 eutectic matrix, the elastic modulus of composite samples 
increases as the TiCp ratio increases. According to equation (14), the 

Fig. 14. TiCp crack suppression mechanism: (a) Crack pinning; (b) Transgranular fracture.  

Fig. 15. Schematic diagram of crack extension.  

Fig. 16. Microhardness and fracture toughness of AZT composite ceramics material: (a) Microhardness and fracture toughness; (b) Vickers indentation micrograph.  
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increase of elastic modulus contributes to improve the flexural strength 
of ceramics samples. On the fracture surface of AZT50, however, a high 
number of cleavage steps caused by transgranular fracture can be 
detected (Fig. 18 (a)). On the fracture surface, there is no visible plastic 
deformation, and there are still chips generated during the transgranular 
fracture of cleavage stage. EDS examination of the cleavage stages on the 
fracture surface (Fig. 18 (b)) reveals that the majority of the cleavage 
steps on the fracture surface are composed of TiCp. As a result, the more 
TiCp particles are doped, the more external work is required for the 
sample to fracture, and thus flexural increases with the increase of TiCp 
doping. Finally, the fracture surface energy γf of AZT samples with 
varying doping ratios is computed using equation (15) [78], which is 
discovered not to vary considerably. Thus, the increase in the overall 
flexural strength of ceramics is attributable to the increase in the elastic 
modulus, and the increase in the proportion of TiCp particles in the 
fracture cross-section causes more transgranular fracture, resulting in a 
greater energy consumption when the sample is fractured. 

γf =
KIC

2

2E
(15)  

3.3.3. Compressive strength 
The variation of compression strength of the sample shown in Fig. 19 

(a). The compressive strength of Al2O3–ZrO2 eutectic ceramics is 261.64 
± 27.25 MPa, and Fig. 19 (b) demonstrates that the sample is broken 
along the crack. The highest compressive strength of AZT30 is 480.76 ±
63.74 MPa, which is 83.75% higher than that of Al2O3–ZrO2 eutectic 
ceramics. When the amount of TiCp continues to increase, the 
compressive strength of AZT50 decreases significantly. 

As shown in Fig. 20, during compression testing, the compressive 
load applied in the axial direction causes tensile stress in the radial di
rection of sample, which results in stress concentration at crack or pores 
inside the sample, leading to fracture or failure [79]. Usually, the crack 
propagates along the path with the minimum resistance it encounters. 

During the compression test of Al2O3–ZrO2 eutectic and AZT10, the 
tensile stress is concentrated at the crack in the sample. The micro
structure with directional growth parallel to the building direction is 
more conducive to crack extension during the compression test, result
ing in sample fracture along the crack at a relatively low load. The 
overall compressive strength of AZT50 can be explained by the empirical 
formula for strength/porosity [78]. 

σc = σ0 exp(− nQ) (16)  

where σc is compressive strength, σ0 is strength of the composite when 
the porosity is 0, Q is porosity of the sample, and n is a constant. Firstly, 
large size pores appear in 50AZT, which leads to stress concentration at 
the pores during compression. In addition, the compression strength is 
intimately connected to the eutectic microstructure as well as the de
fects. When the TiCp content reaches 50 wt%, the amount of eutectic 
powder required for solidification declines, and the AZT50 structure 
consists primarily of coarse and irregular eutectic. It is evident that the 
eutectic spacing of this irregular eutectic structure is greater than that of 
AZT30, which results in a comparatively weak bonding of grain 
boundaries in AZT50 and makes it easier for the sample to slide and 
deform under compressive stress, ultimately leading to fracture [80–84]. 

4. Conclusion 

In this paper, Al2O3–ZrO2 eutectic ceramics samples with different 
TiCp content (0 wt% - 50 wt%) are prepared by LDED. The effects of 
doping TiCp on defects, microstructure, and mechanical properties are 
systematically studied. The research results present a novel strategy for 
the LDED fabrication of high-performance Al2O3–ZrO2 eutectic ce
ramics. The primary results of the research are as follows:  

(1) The introduction of TiCp particles reduces the size of the 
columnar crystal cluster in Al2O3–ZrO2 eutectic ceramics. In the 

Fig. 17. Flexure strength of AZT composite ceramics material: (a) Flexural strength of different TiCp ratios; (b) Fracture shape of AZT10.  

Fig. 18. Fracture of AZT50 sample: (a) micromorphology of fracture; (b) EDS element analysis of cleavage step.  
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process of nucleation and crystallization, it destabilizes the two 
eutectic phases, and the eutectic microstructure begins to tran
sition into irregular. The change in eutectic microstructure is due 
to the decrease in eutectic melt solidification rate caused by the 
increase in TiCp content;  

(2) The doping of TiCp particles significantly inhibits the porosity 
and cracks of Al2O3–ZrO2 eutectic ceramics. The porosity drops 
dramatically after TiCp doping, falling from 6.37% to 0.29%. The 
primary cause is that the addition of TiCp particles raises the 
temperature of the molten pool and intensifies the disturbance, 
hence accelerating the gas escape rate and decreasing the 
porosity. Moreover, doping TiCp particles causes the mismatch of 
thermal expansion coefficient and elastic modulus with 
Al2O3–ZrO2 eutectic matrix. The residual stress field around TiCp 
particles interacts with the tip of the propagating crack, making 
the crack transgranular and pinning, so as to achieve the effect of 
crack suppression;  

(3) The microhardness of Al2O3–ZrO2 eutectic matrix changes little 
with the increase of TiCp doping ratio, but the fracture toughness 
gradually increases with the increase of TiCp ratio. TiCp particles 
have a greater elastic modulus and a lower thermal expansion 
coefficient than matrix material. AZT50 has the maximum flex
ural strength, up to 226 MPa. The increase in elastic modulus and 
transgranular fracture generated by TiCp particles is the primary 
reason for the requirement to increase the external work. The 
compressive load applied axially during the compression test 
causes tensile stress in the radial direction of the sample, resulting 
in stress concentration around cracks or porosity defects, which 
eventually lead to sample fragmentation. AZT30 has the highest 
compressive strength of 480.76 MPa since it has fewest internal 
defects. 
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