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ABSTRACT 

 

Combination of alumina (Al2O3) and zirconia (ZrO2) as cutting tool have been established 

themselves as a dominant in ceramic category for dry machining. The mechanical properties 

of Al2O3-ZrO2 cutting tool were critically dependent on its density and hardness, which 

affected by the powder preparation and sintering processes. This paper present the effect of 

sintering temperature on density, hardness and tool wear of Al2O3-ZrO2 cutting tool. Specific 

composition of 80-90 wt% Al2O3 and 10-20 wt% ZrO2 powders were mixed and ball milled 

for 12 hours. These powders then were compacted in the form of RNGN120600 designated 

cutting tool by using manual hydraulic press before undergone secondary compaction by 

Cold Isostatic Press. The compacted powders then were sintered from 1200oC to 1400oC at 

constant 9 hours soaking time. For each sintered cutting tool, evaluation has been made based 

on the density and hardness. By using AISI 1045 as a workpiece material, the wear 

performance of the selected cutting tools were evaluated within 200-350 m/min cutting 

speeds, 0.1 mm/rev feed rate and 0.5 mm depth of cut. The results shows that the sintering 

temperature at 1400oC and 9 hours soaking time produced maximum relative density and 

hardness for 90 wt% Al2O3 and 10 wt% ZrO2 at 94.17% and 63.4 HRC respectively. Cutting 

tool contained with 80 wt% Al2O3 and 20 wt% ZrO2 contributed maximum relative density 

of 97% and hardness of 70.07 HRC. Maximum tool life recorded was 156s at 200 m/min 

cutting speed. Wear mechanisms of fabricated cutting tool dominated by the notch and flank 

wear at the early stage of machining and formation built up edge at the end of machining 

process.  

  

Keywords: Alumina; zirconia; cutting tool; sintering; hardness; density; machining; tool 

wear. 
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INTR ODU CTION 

 

Production through processes such as casting, forming and forging method require an 

additional process which is a machining as finishing process [1-2]. In machining process, 

selection of appropriate cutting tool is important to create products with high dimensional 

accuracy and fine surface finish [3-4]. The properties of the cutting tool such as Alumina 

(Al2O3) that possess high hardness, high wear resistance and excellent abrasion resistance 

would be beneficial in machining hard materials [5]. According to Varaprasad et al.[6], Al2O3 

based cutting tools are more inert than high speed steel and carbide cutting tools at high 

temperatures, which make this cutting tool ideal for machining with high cutting speed. 

Another advantage of using Al2O3 cutting tool is that it does not require cooling fluids to 

reduce the cutting temperature that provide more towards sustainable machining [7-8]. 

Even though Al2O3 possess holistic characteristic with its excellent properties, Al2O3 

also has its weakness such as lack of toughness and brittleness. This deficiency gives a bad 

impression in the early machining as the brittleness could causes premature chipping at the 

edge of cutting tools [9-10]. This weakness can be improved by adding secondary material 

like Zirconia (ZrO2) [11-12]. According to a study conducted by the Vasudevan et al. (2012) 

[13], reinforcement ZrO2 into Al2O3 matrix associated with the several factors such particles 

size and shape as well as the stability of ZrO2 phases. The addition of ZrO2 in Al2O3 structure 

would yield toughening phase transformation by interfering microcrack generation from 

continuing to spread, especially at the grain boundary [14-15].  

In the past, the development of Al2O3-ZrO2 cutting tools have been explored by the 

several authors [16-19]. Szutkowska et al. [16] evaluated the different properties of cutting 

tools that fabricated based on pure Al2O3, Al2O3-ZrO2 composite with unstabilized and 

stabilized ZrO2, Al2O3-ZrO2 composite with addition of TiC and Al2O3-Ti(C,N) composite 

with 2wt% of ZrO2. The author compared their performance mainly based on the fracture 

toughness, young modulus, hardness and density. The authors found that maximum fracture 

toughness obtained by the cutting tool that composed with Al2O3 with stabilized and 

unstabilized ZrO2. The author proposed that the addition of ZrO2 with improve the fracture 

toughness with toughening mechanism at the grain boundary.  

Another study conducted by Zahirani et al. [17] focused on the effect of Magnesium 

Oxide (MgO) on Al2O3-ZrO2 cutting tool. Specific composition of Al2O3, Ytria Stabilized 

Zirconia (YSZ) and MgO were mixed and uniaxial pressed into the shape of cutting tool. 

Density and microstructure were evaluated based on the variant content of MgO. The author 

found that the addition of MgO improved the density and hardness of Al2O3-ZrO2 cutting 

tool and controlled the grain size of Al2O3. With addition of MgO, the wear performance 

increased up to 50% when machining with AISI 1018. 

Singh et al. (2016) [18] investigated the microstructure and machining parameter 

optimization of Al2O3 and ZrO2 that doped with Cr2O3. The author performed hardness and 

fracture toughness evaluation to assess the properties of the cutting tool. The authors also 

evaluated the performance of the fabricated cutting tool based on the flank wear, cutting force 

and surface roughness. The results present that combination of Al2O3, ZrO2 and Cr2O3 

capable to perform at very high cutting speed. The author propose that formulation of cutting 

tools in their study have great potential to replace carbide or coated carbide. 

Recently, Sabuan et al. [19] developed ceramic cutting insert with combination of 

Al2O3, ZrO2 and Copper (Cu). The author focused on the hardness, density, shrinkage and 
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microstructure to assess the compatibility of these particles. The author performed uniaxial 

press to compact the powders in the form of diamond shape insert. The authors found that 

addition of Cu improving density of Al2O3-ZrO2 structure at the sintering temperature of 

1000oC. However, when the sintering temperature increased to 1300oC, the structure of Cu 

exhibited phase change which diminished the hardness of composition. 

While most of the previous study to develop Al2O3-ZrO2 cutting tools were focused 

more into the effect of tertiary phase on the mechanical properties, the characteristics of 

Al2O3-ZrO2 particles at the sintering level still did not get much attention. In this study, series 

of fabrication of Al2O3-ZrO2 cutting tool were implemented. Focus on the variation sintering 

temperature, the fabricated cutting tool have been tested on density and hardness where the 

analysis of particles characteristics during sintering have been discussed. Further, the Al2O3-

ZrO2 cutting tool have been tested in machining trials at various cutting speed. The wear 

mechanism for selected cutting tool have been assessed to further understand the 

characteristics of Al2O3-ZrO2 partnership in high stress and temperature application. This 

study is aimed to further investigate the properties of cutting tool that developed from the 

author’s previous works [32]. This hopefully will provide better understanding regarding 

characteristic of Al2O3 and ZrO2 particles for wear and tribology application. 

 

 

METHODOLOGY AND MATERIALS 

 

Fabrication of Cutting Tool 

Specific weight Al2O3 and ZrO2 powders were prepared carefully with addition of 

Polyethylene glycol (PEG) binder in mixed in the ball mill at 12 hours. The powders were 

then compacted using manual hydraulic before secondary compaction using Cold Isostatic 

Press in the form of RNGN120600 designated cutting tool. Sintering process were held at 

the variant temperature from 1200oC to 1400oC with constant soaking time at 9 hours. For 

each sintered sample, the density and hardness were measured by using electronic density 

testing machine and Rockwell hardness tester, with refer to 3.96 g/cm3 as an ideal density of 

Al2O3. Figure 1 show the sequence of process flow used to fabricate the cutting tool. Table 

1 shows the processing parameter used for preparation of Al2O3-ZrO2 cutting tool. 

 

Table 1. Processing parameters to fabricate Al2O3-ZrO2 cutting tool 

 

Composition 90 wt% Al2O3 and 10 wt% ZrO2 

Ball Mill 12 hours 

Sintering Temperature 1200oC -1400oC  with 9 hours soaking time 

CIP Pressure 300 MPa 
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(a) (b) (c) (d) 

 

 
  

 

(e) (f) (g) (h) 

 

Figure 1. The procedure to fabricate Al2O3-ZrO2 cutting tool (a) Preparing Al2O3 and 

ZrO2 powders (b) Ball milling for 12 hours (c) Weighting of powders (d) Inserting 

powders into the mould (e) Pressing the powders by hydraulic press (f) Pressing the 

powders by Cold Isostatic Press (g) Sintering the compacted powders (h) Finish 

product of ceramic cutting tool. 

 

 

Optimum Content of Zirconia  

As the optimum sintering temperature determined, the weight of Al2O3 and ZrO2 powders 

were varied in order to get optimum composition for the structure. The process similarly 

replicate the processing flow as shown in Figure 1. Table 2 shows the variation of 

composition to fabricate Al2O3-ZrO2 cutting tool. 

 

Table 2. Composition to fabricate Al2O3-ZrO2 cutting tool 

 

Sample Composition 

A 90 wt% Al2O3 and 10 wt% ZrO2 

B 85 wt% Al2O3 and 15 wt% ZrO2 

C 80 wt% Al2O3 and 20 wt% ZrO2 

 

Machining Performance 

Further, the performance of cutting tool were tested in machining with AISI 1045. Cutting 

tool that possess maximum density and hardness were selected for the cutting trials. The tests 

were held by using CNC (Computer Numerical Control) Turning Machine with cutting 

parameters according to the Table 3. Tool wear for each trial were measured by using optical 

microscope according to guidance ISO 3685 [20]. For each measurement, the images of worn 

cutting tool were captured using optical microscope to observe the wear mechanism. Figure 

2(a) shows the cutting tool and tool holder used in this study. Figure 2(b) shows the 

machining setup with AISI 1045 workpiece. 
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Table 3. Cutting parameter for machining test 

 

Cutting Speed (m/min) 200, 250, 300, 350 

Feed Rate (mm/rev) 0.1 

Depth of Cut (mm) 0.5 

 

 

 
 

 

 

 
 

(a) 

 

(b) 

 

Figure 2. (a) Cutting tool with the design of RNGN120600 clamped in CRDN252543 tool 

holder (b) Machining setup with AISI 1045 work piece. 

 

 

RESULT AND DISCUSSION 

 

Effect of Sintering Temperature on Hardness and Density 

Figure 3 shows the relationship between the relative density of Al2O3-ZrO2 (90 wt% Al2O3 

and 10 wt% ZrO2) that sintered with the various sintering temperature. It can be seen that the 

relative density of the Al2O3-ZrO2 ceramic increases as the sintering temperature increases 

in which the maximum relative density of 94.17% was recorded. In should be noted that the 

increment of density from 1200℃ (73.91% relative density) to 1400℃ (94.17% relative 

density) consumed up to 28%.  

During sintering process, the energy from the heat sources initiated vibration of the 

atom of Al2O3-ZrO2 to initiate particle expansion. As the particles expanded toward grain 

boundary, the particles of Al2O3 would started to engage ZrO2 and yield diffusion to each 

other [21-22]. The reduction of porosity occurred during the diffusion process which leads 

to more compact and dense Al2O3-ZrO2 structure [23-24]. In the structure that contained large 

size of alumina particles and smaller size of zirconia particles, the high rate expansion of 

zirconia would inhibited the grain growth of alumina resulting controlled grain size of 

dominant alumina particles [25-26]. 
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Figure 3. The effect of sintering temperature on relative density for 90 wt% Al2O3-10 wt% 

ZrO2 sample 

 

Figure 4 shows effect of the sintering temperature on hardness based on the Rockwell 

scale (HRC). The plot clearly show that the hardness of Al2O3-ZrO2 compacts increased as 

the sintering temperature increased. At 1200oC, hardness is at its lowest of 36 HRC and can 

be classified as the weakest. Sintering Al2O3-ZrO2 compacts at this temperature reflected the 

particles still not adequately expanding to achieve full density. The gap that appeared 

between grains as a result of porosity facilitates deformation during hardness indentation test, 

resulting a low hardness value. The sequence temperature 1250oC, 1300oC, 1350oC and 

1400oC shows a significant improvement of hardness with increasing to 42 HRC, 49 HRC, 

57 HRC and 63.4 HRC respectively. At 1400oC temperature is seen the most stable 

temperature in developing ceramic cutting tools.  

 
Figure 4. Effect sintering temperature on hardness for 90 wt% Al2O3-10 wt% ZrO2 sample 

 

Hardness can be defined as the ability of the structure to resist deformation from the 

designated load [27]. As the Al2O3-ZrO2 particles expanded during sintering, the engagement 

of these particles at the grain boundary could initiate diffusion between particles. Toughening 

transformation of between particles may take place which could initiating interlocking 

mechanism that can reinforce the structure [28-29]. On the same time, the contact area 
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between particles being larger resulting stronger surface attraction force on the bond between 

the particles [30]. Such condition not only can enhance the ability of the particles to hold 

strong their surrounding matrix but also resist deformation whenever the load applied. 

 

Effect of ZrO2 on Hardness and Density 

Figure 5 shows effect of ZrO2 content of the relative density, with refer to 3.96 g/cm3 as ideal 

density of Al2O3. These cutting  tools  were sintered at 1400oC and 9 hours soaking time. 

Clearly, the addition of 20 wt% of ZrO2 to the 80 wt% Al2O3 contributed to maximum relative 

density of 97%. This is folowed  by 94% and 93% when 15 wt% ZrO2 and 10 wt% ZrO2 

were added into the Al2O3 structure. Hardness evaluation also presented similar trend where 

the addition of 20 wt% of ZrO2 into the 80 wt% Al2O3 contributed maximum hardness up to 

70.07 HRC. This is 8% and 10% better than 15 wt% ZrO2 and 10 wt% ZrO2 addition into the 

Al2O3 structure. 

 

      
(a)                                                             (b) 

Figure 5. (a) Effect of ZrO2 content on relative density (b) Effect of ZrO2 content on 

harndess 

 

The total denstiy of Al2O3-ZrO2 strongly independent on the ZrO2 weight content 

[31]. Since the density of ZrO2 consumed up to 5.68 g/cm3 [23], more ZrO2 content should 

increased density to the Al2O3 structure. However it should be noted that addition of 20 wt% 

zirconia contributed to the 3.2% and 4.3% increment of density as compared to the addition 

of 15 wt% ZrO2 and 10 wt% ZrO2. This show that 20 wt% adequately enough to well 

dispersed along Al2O3 particles to provide optimum grain growth controll. When ZrO2 mixed 

with Al2O3 powders, the smaller particles of ZrO2 could trapped between larger Al2O3 

particles. During sintering, the expansion of ZrO2 particles restricted the grain growth of 

alumina particles to produce uniform grain size [32-33]. Homogeneous uniform 

microstructure would give advantages for Al2O3-ZrO2 structure to provide less risks of stress 

concentration when experiencing high load and facilitate consistent wear rate during 

machining. 
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Machining Performance 

Since the cutting tool with 80 wt% Al2O3 and 20 wt% zirconia demosntrated maximum 

density and hardness, these cuting tool were selected to be performed in machining operation. 

Figure 6 shows the wear performance of the fabricated cutting tools at a different cutting 

speed and constant 0.10 mm/rev feed rate and 0.5 mm depth of cut. At the cutting speed of 

200 m/min, the fabricated cutting tool recorded up to 156 s tool life. As the cutting seed 

increased to 250, 300 and 350 m/min respectively, the cutting tool performed at only 64 s, 

99 s and 112 s tool life respectively. This shows that the fabricated cutting tool in this study 

unable to perform effectively beyond the cutting speed of 200 m/min. 
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Figure 6. Values of flank wear at different cutting speed on feed rate 0.10 mm/rev 80 wt% 

Al2O3 and 20 wt% zirconia 

 

Wear Mechanisme of Al2O3-ZrO2 Cutting Tool 

Further obervation of wear mechanisme of the fabricated cutting tools is shown in Figure 7. 

Only cutting tools that performed at 200 m/min cutting speed were presented since these 

cutting tools recorded maximum tool life. Figure 8(a) shows that initial tool wear develop at 

the vicinity edge of cutting tool with minor formation of notch and flank wears. This shows 

that even though the ZrO2 already added into the Al2O3 sturcture, the wear formation 

demonstrated evidence of brittleness at the cutting edge. Further machining at 105 s presented 

stable wear that started to develop at the middle of flank area as shown in Figure 8(b). The 

are evidence of minor built up edge (BUE) as a sign of excessive heat generated [34]. BUE 

is a molten steel that attached at the edge of cutting tool as a result of high temperature and 

pressure during machining. The attacment of BUE resulting alteration of tool nose radius that 

can promote higher friction and subsequnetly cutting force [35-36]. As the machining 

prolonged to 156 s, formation of BUE significantly appeared in the form of strong layer that 
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attached on the worn surface as shown in Figure 8(c). Some portion of BUE could also 

diffused into the cutting tool to promote adhesive wear [37]. During machining, high 

temperature generation and pressure could yield welding formation at the joining asperity 

[38-39]. As the machining prolonged, the adherent welding area carried away the particles 

of the cutting tool as a result of rubbing counter bodies. Accumulation of material lost would 

result serious wear at the contact interfaces [40]. 

 

 
 

 
 

 
 

Figure 7. Wear development of the cutting tool that contained 80 wt% Al2O3 and 20 wt% 

ZrO2 at 200 m/mnin cutting speed. 

 

 

CONCLUSION 

 

This paper presents the fabrication of ceramic cutting tool with various content of Al2O3-

ZrO2 and sintered with different sintering temperature from 1200oC to 1400oC. The 

properties of cutting tool have been analyses based on density and hardness. Selected cutting 

tools were machined with AISI 1045. Based on the experimental finding, the following 

conclusions can be drawn:- 

 The relative density and hardness value of the cutting tool increased as the sintering 

temperature increased. Sintering temperature of 1400oC and 9 hours soaking time 

provided maximum relative density of 94% and hardness of 63 HRC. 
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 Maximum density and hardness correlated with the diffusion and necking asperity of 

the grains between Al2O3 and ZrO2. This phenomenon providing porosity diminished 

and grains interlocking at the grain boundary. 

 Maximum relative density and hardness of 97% and 70.07 HRC were obtained with 

combination of 80 wt% alumina and 20 wt% ZrO2. Addition of 20 wt% ZrO2 proven 

well dispersed to control grain growth of alumina. 

 The Al2O3-ZrO2 cutting tool developed manage to perform up to 156 s tool life when 

machined with AISI 1045 at the cutting speed of 200 m/min, feed rate of 0.1 mm/rev 

and depth of cut of 0.5 mm. Cutting parameter beyond 200 m/min demonstrated lower 

tool life. 

 The wear formation for Al2O3-ZrO2 cutting tool started with the flank and notch wear 

at the early stage of machining before formation of the built of edge as the machine 

prolonged. 
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