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Abstract 

The dry cutting experiment for nickel-based high temperature alloyGH4169 was conducted 

with Al2O3- SiCw whisker toughening ceramic blade WG300 and Si3N4-Al2O3 ceramics 

(Sialon) blade SX9. The main wear mechanism of ceramic cutting tools were analyzed by 

means of observing the wear morphology about cutting tools with scanning electron 

microscope, and measuring concentration of each element in wear tiny region lying in the 

ceramic tools with Energy Dispersive Spectrometer(EDS). The results show that the main 

wear mechanism of ceramic cutting tool was presented by cohesive wear, abrasive wear and 

oxidation wear. Cohesive wear occurs mainly on the rake face and were influenced by the 

contact stress state between the contact points of cutting tool and workpiece material. 
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1. Introduction 

Today nickel-base superalloy plays an increasingly important role in aerospace. Because of 

its excellent performance, GH4169 was widely used in the casing, turbines, combustion 

chamber, the space shuttle, nuclear reactors and other high temperature applications. 

However, for some problems, such as high cutting temperature, cutting forces, serious 

hardening problem and lower cutting tool life and so on, existing in the cutting process of 

GH4169 as a consequence, GH4169 becomes one of typically difficult materials. How to 

improve cutting efficiency, processing quality and extend tool life has been a key issue 

needed to be urgently addressed in GH4169 processing, but also one of measures enhancing 

the level of manufacturing process in aviation and aerospace. 

In this paper, by studying the wear mechanism of tool and analyzing the main forms of tool 

wear in the speed turning GH4169 with Al2O3-SiCW whisker reinforced ceramic blade 

WG300 and Si3N4-Al2O3 ceramic (Sialon) blade SX9, the theoretical basis and technical 

support for material selection about high-temperature alloy machining tool, design about tools 

structure and optimization of cutting parameters were provided. 

 

2. Experimental Program 

2.1. Cutting Conditions 

Experiments were on EMCO-Maxxturn 65 Turning Center, Machine maximum speed: 

5000r/min; Cutting conditions for dry cutting. A nickel-based superalloy GH4169 bar was 

selected as the workpiece material for the experiment, of which heat treatment is solution and 

aging. 
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Hardness: 40HRC; Workpiece size: mm250mm140  ; The chemical composition of 

the workpiece material as shown in Table 1. 

Table 1. The Main Chemical Components of Nickel-based Superalloy GH4169 
wt% 

Composition Content Composition Content Composition Content 

C ≤0.08 Ti 0.75~1.15 Si ≤0.35 

Cr 
17.0~21.

0 
Nb 4.75~5.50 P ≤0.015 

Ni 
50.0~55.

0 
Al 0.30~0.70 S ≤0.015 

Co ≤1.0 B ≤0.006 Cu ≤0.30 

Mo 
2.80~3.3

0 
Mg ≤0.01 Fe ~ 

2.2. Tool Material 

Al2O3-SiC whisker reinforced ceramic blade WG300 and Si3N4-Al2O3 ceramic (Sialon) 

blade SX9 was selected as the main cutting tools in the experiment .The tool models are that: 

SNGN 120416T01020.The form of blade cutting edge is chamfered and chamfer width of 

0.1mm, down angularity 20
o
, The model equipped with a blade shank was: CSRNR 2020K12

，After installation of blade, Rake angle of-6
o
, posterior horn of 6

o
, 75

o 
Blade angle to-6

o
; 

main angle: 75
o
..After the cutting process, the tool flank wear values were measured under 

the use of Dino-Lite digital microscope and the blunt standard was set as： The average wear 

value in flank VB ≥  0.3mm, wear value in Groove VN≥0.6mm. To the blade achieving the 

standard of blunt, its observation and analysis about overall wear morphology were conducted 

by utilizing the scanning electron microscope (SEM) and Energy Dispersive Spectrometer 

(EDS).The experimental site is shown in Figure 1. And the experimental arbor is shown 

Figure 2. 

 

Figure 1.  Experimental Site Figure 2. Experimental Arbor 

3. Analysis 

3.1. Abrasive Wear 

Abrasive wear was that the workpiece surface was sheared and plowed by friction and then 

the trough-like indentation was generated by the abrasive action of furrows when hard 

particles in the workpiece are pressed into the friction surface, under the action of some 
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certain loads, and then slided. As Figure 3 shows. SEM photograph of flank wear in cutting 

speed 250m/min happened in WG300. The degree of adhesion of workpiece material at flank 

wear belt was relatively severe. 

The morphology of tool wear is covered by the workpiece material however from a view 

of attrited edges, some attrited grooves would be found. The attrited grooves of SX9 in 

cutting speed 250m/min was showed in Fig.4.The surface of attrited belts, which happened in 

the flank of the tool, under the power of Abrasive wear, showed apparent ditch ridge and 

adhered crushing workpiece material. 

 

Figure 3. Abrasive Wear in WG300 

 
The grooves happened in attrited belts in the 

flank 

 
The grooves showed by enlarged 

Figure 4. Abrasive Wear in SX9 

What cause abrasive wear of ceramic tools are that: Carbides, nitrides and other small 

refractory hard particles, which exit in Nickel-based superalloy GH4169, could maintain 

higher hardness, under the conditions of high temperature. In the cutting process, the hard 

particles work at the surface of tool as plowing and scribing, and draw on the tool surface 

grooves .At the same time, when tool was in the event of chipping or peeling, material 

particles from the tool, which were shed from tool matrix material and were sandwiched 

between the tool and the workpiece material. The particles, driven by the surface of the chip 

or transition, would also draw on the tool surface grooves when flow through the tool surface. 

For SX9, from the tool chipping range, it could be fund that the range distributed by grooves 

along the cutting edge was consistent with that of tool chipping. Therefore, the effect of 

plowing and scribing, caused by particles off from the substrate itself, is the main cause of 

abrasive wear SX9. The hard particles, contained in nickel-base alloy workpiece, scratch the 

tool flank along the direction of movement of the tool relative to the workpiece. The lower 

Abrasive Wear 
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the frequency of peeling happened in the cohesive layer, the more clear the scratches and 

even attrited stripes are formed. 

 

3.2. Cohesive Wear 

Cohesive wear is the phenomenon produced by contacts ,whose distance was at the atoms, 

of tool and the workpiece material, and that so-called cold welding happened in the actual 

contact area of the friction surface and when plastic deformation was bring about at a 

sufficient pressure and temperature.  

When WG300 was in 190m/min and 310m/min cutting speed, the attrited morphology of 

trench edge in flank was shown as Figure 5 (a) and 5 (b). As can be seen from the figure, 

Clear dents was formed by the action of tearing bonding in the edge of the grooves .The 

reason due to cohesive wear is the lower shear and tensile strength of ceramic tools, therefore, 

in the conditions of occurrence of cold welding cutting between workpiece and tools, shear 

failure in the process of cold welding will cause the sticking and eclipsing in the surface of 

ceramic tools and then relative motion was happened among the cohesive points in double -

friction surface, and then the crystal grain or crystal grain group was taken away by the other 

party for being sheared or tensed. 

 

(a)Cutting speed 190m/min 

 

(b)Cutting speed 310m/min 

Figure 5. Cohesive Wear in WG300 

Analyzed from the point of view the temperature-thermal stress, cutting force withstand by 

tools, when cutting nickel-based alloy GH4169 in high speed, is much larger than that when 

cutting ordinary cutting materials. Temperature of the rake face was about 1200℃when 

cutting nickel-based alloy GH4169 in 190m/min cutting speed, and temperature of the flank 

was about 1250~1300 ℃ . When cutting in 310m/min cutting speed. Therefore, the 

temperature in cutting zone is much higher and the cutting heat increases substantially when 

cutting nickel-based alloy. Adhesion between blade and chipping materials occurs for the 

cutting heat produced in the process of blade cutting and stress caused by temperature 

gradient and for that cohesive wear will generate and expand quickly. 

 

3.3. Chemical Reaction and Dispersion Wear  

The dispersion processes are involved in the process by the heat .When cutting GH4169 in 

the high speed, the cutting heat is very high. The close contact between blade-crumbs and 

blade-workpiece provide an ideal environment, in which atoms in tool material could diffused 

to out though blade-crumbs. 

Cohesive wear 

Cohesive wear 
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It can be seen that, from the Wear morphology about Ceramic tools Al2O3-SiCw Whisker 

WG300 and Sailon SX9, obtained in each group of cutting parameters, workpiece material 

will form a uniform adhesion in cohesive area between tools rake face and flank. After the 

analysis of cohesive material composition in tool wear area by Scanning Electron Microscopy 

and Energy Dispersive Spectrometer, it can be found there are not only cohesive workpiece 

materials in wear areas between WG300 and SX9 but also a region lying in the local position 

in which a large number of Ti was gathered in. 

For Al2O3-SiCw Whisker ceramic tools WG300, Ti-rich region located under the edge of 

the flank wear belts. The analyzed results about Measuring points, in the wear area in blade of 

WG300 in the cutting speed 190m/min and 310m/min, were showed as Fig.6 and Fig.7.The 

content of Ti elements was very high, but the content of Ni, Fe and Cr, originally more 

content in GH4169 workpiece material, was very low .The Ti elements in the area only comes 

from the work piece GH4169, but its original contents was only accounted for about 1% of 

GH4169 element content. 

 
(a) measuring point in wear belt in flank  

 

 

 

(b)Analysis about component of measuring point 

Figure 6. Analysis about Measuring Point in Wear Belt in Flank in the Cutting 
Speed 190m/min 

For Sailon ceramic tools SX9, there is no white ribbon under the edge of the flank wear 

belts. However it is can be fund that the area, under some areas in wear region, in which a 

large number of contents of Ti elements was layed in. Ti-rich region in rake was found in 

the area between cohesive area in workpiece and on adhered area. 

The analyzed results about Measuring points, in the wear area in blade of SX9 in the 

cutting speed 150m/min and 200m/min, were showed as Figure 8 and Figure 9. Compared 

to other elements of the workpiece material, The contents of Ti-elements in the cohesive 

material in wear area were still very high. 
 

Measuring point 

Spectrum 

Cutting edge 
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(a)measuring point in wear belt in flank 

 

  
 

 

(b)Analysis about component of measuring point 

Figure 7. Analysis about Measuring Point in Wear Belt in Flank in the Cutting 
Speed 310m/min WG300 

 
(a)Crater measuring point in blade 

  

 

 

(b)Analysis about component of measuring point 

Figure 8. Analysis about Measuring Point in Wear Belt in Flank in the Cutting 
Speed 150m/min SX9  

 
(a)measuring point in wear belt in flank 

 

 
 

(b)Analysis about component of measuring point 

Figure 9.  Analysis about Measuring Point in Wear Belt in Flank in the 
Cutting Speed 200m/min SX9 

Cause about appearance of Ti-rich region: When Al2O3-SiCw Whisker ceramic tools cuts 

nickel-base superalloy Inconel 718, the elements Fe, Cr and Ni in Inconel 718 are spread to 

Measuring point 

Spectrum 

Cutting edge 

Measuring point 

Spectrum 

Cutting edge 

Measuring point 

Spectrum Cutting edge 
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matrix of tool along the SiC whisker and react with SiC whisker to generate silicide and then 

SiC whisker was dissolved. The elements of Ti and Nb in GH4169 would react with the 

element C generated in the process of dissolving of SiC whisker to accumulate in the surface 

of tools in the form of the carbides. 

Meanwhile, when milling nickel base super alloy GH4169 with Sailon ceramic cutting 

tool, Si3N4 grain will be dissolved for the elements like Fe, Cr and Ni in GH4169 diffuse into 

cutting tool substrate along the ceramic grain boundary, while the cutter surface gathers 

nitrides that caused by the reaction of the element N in cutting tool substrate and the elements 

like Ti and Nb in nickel base alloy. However, in the process of milling nickel base super alloy 

with ceramic cutting tool, the high temperature in cutting area behinds the diffusion wear. 

 

4. Conclusions 

When milling nickel base super alloy with Al2O3-SiCw whisker toughening ceramic cutting 

tool and Sailon ceramic cutting tool, chemical reaction and element diffusion will be existed 

between cutter material and workpiece material, and the strength and toughness of the cutting 

tool substrate will be reduced for the dissolution of SiCw whisker and Si3N4 grain in the 

ceramic cutting tool, which leading to the decline of the tool wear resistance. 

In the element diffusion process, beneficiation of cutter surface on Ti element in the 

workpiece material is obvious, which appears the diffusion indirectly in the area local 

position of WG300 and SX9, resulting the cutting tool substrate be added main elements like 

Ni、Fe、Cr from workpiece material and Ti element separates out on the cutter surface. 

With the scratch of cuttings and transitional surface, on the cutter surface, the educt will be 

peeled by shear, in the area of cutter surface where shear force is large enough, it will be 

cleared, and in the location of less shear force, it could still attach to the surface. 
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