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Wear Maps of Si3N4 Ceramic Cutting Tool 
Y.-R. Liu, J.-J. Liu, B.-L. Zhu, Z..R. Zhou, L. Vincent, and P. Kapsa 

Wear maps ofa SiaN 4 ceramic cutting tool for cutting 1045 plain carbon and 302 stainless steels are produced 
in this paper. Through the systematic turning tests, the optimum cutting regions were determined on the wear 
maps of a two-dimensional diagram of cutting speed and feed rate. They are important for selecting the ap- 
propriate cutting parameters for a ceramic tool when cutting different workpieces. The wear morphologies 
and wear mechanisms for the different regions were investigated by scanning electron microscopy (SEM) 
with energy dispersive analysis of x-ray (EDX), and the corresponding cutting temperature distributions were 
measured by a thermal video system. Based on the experiment results, the relationships between cutting con- 
ditions, cutting temperatures, and wear mechanisms were discussed in detail. 
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1. Introduction 

Ceramic cutting tools have been widely used for high speed 
finishing and high removal rate because of  their unique me- 
chanical properties, especially at elevated temperatures (Ref 1- 
5). Their wear life is much longer than conventional cemented 
carbide and high speed steel tools (Ref 6-9). However, this 
does not mean that ceramic tools can effectively machine any 
kind of  workpiece at any cutting condition (Ref 10, 11). Tool 
wear and fracture usually occur when applying the ceramic tool 
in an incorrect way. To diminish tool wear and fracture that de- 
creases machining accuracy, shortens tool life, and lowers pro- 
ductivity, it is important to employ tools in appropriate 
conditions, which can be determined through fundamental re- 
search on the relationship between cutting conditions, cutting 
temperatures, and wear mechanisms. In this paper, the wear 
maps of  Si3N 4 ceramic cutting tools for cutting 1045 plain car- 
bon and 302 stainless steels were investigated to provide the 
basis for reasonable utilization and to reveal the wear mecha- 
nisms at different cutting conditions. 

Y.-R. Liu, J.-J. Liu, and B.-L. Zhu, Tribology Research Institute, 
Tsinghua University, Beijing 100084, People's Republic of China; Z.- 
R. Zhou, Southwest Jiaotong University, Chengdu 610031, People's 
Republic of China; and L. Vincent and P. Kapsa, Ecole Centrale De 
Lyon, 69131 Ecully, Cedex, France. 

2. Experimental Procedures 

The ceramic cutting tool used in this research was Si3N 4 
with dimensions of  13 by 13 by 8 mm, a rake angle o f - 6  to - 7  ~ 
and a comer  radius of  0.8 mm. Table 1 shows its chemical com- 
position and mechanical properties. The relative densities are 
all >0.99. The microstructure (Fig. 1) consists mainly of  a Si- 
and Al-rich core and is surrounded by the binder phases. The 
small grain size is <0.5 lxm and the large ones are about 1 to 2 
~tm. The materials to be machined were 1045 plain carbon and 
302 stainless steels. Their composition and mechanical proper- 
ties are given in Table 2. 

Cutting tests were carded out without coolant on a C620 
lathe, and the cutting parameters were selected as follows: cut- 
ting speed 50 to 260 m/min, cutting depth 0.25 mm, feed rate 
0.1 to 0.5 mm/revolution, and cutting distance 300 m. 

The f lank wear VB was measured using a tool maker ' s  
microscope.  According to the measurement  results, of  more 
than 30 points at different cutt ing speeds and feed rates, the 
wear maps with different regions were obtained on the two- 
dimensional  diagram. The wear morphologies  and mecha- 
nisms in different  regions were invest igated by SEM with 
EDX analysis.  

The temperature distribution on the flank face of  a Si3N 4 
tool when cutting 1045 and 302 steels at the conditions of  dif- 
ferent cutting speeds and 0.1 ram/revolution feed rate was 
measured by the thermal video system TVS-2200. The details 
of  this measurement and its data processing will be published 
in a subsequent paper (Ref 12). 

Table 1 Chemical composit ion and mechanical properties 
of  Si3N 4 cutting tool 

Transverse Fracture 
Hardness, rupture strength, toughness, 

Chemical composition HRA MPa MPa. M v2 

Si3N 4 + (TiC + ZrN + A1203) 93.5 70 6 

3. Experimental Results and Discussions 

3.1 Wear Map of Si3N4 Tool for Cutting 1045 Steel and 
Wear Mechanisms 

Figure 2 shows the flank wear VB values at various cutting 
speeds and feed rate conditions. According to the ranges of  

Table 2 Chemical composit ion and mechanical properties of  the workpieces  

o b, 8, X, 
Steel C Mn Si Cr Ni P S N/mm 2 % Hardness cal/cm - s ~ 

1045 0.45 0.65 0.27 _<0.25 _<0.25 -<0.04 -<0.04 610 16 241 0.120 
1Crl8Ni9Ti <0.12 -<2.00 <0.80 18.0 9.5 -<0.035 _<0.03 550 40 291 0.039 
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flank wear, four regions can be divided in the wear map. Re- 
gion A shows the least wear (VB = 0.03 to 0.05 mm), with the 
cutting speed range of 95 to 128 m/min and the feed rate range 
of  0.2 to 0.3 mm/revolution. Region B shows a higher VB value 
of  0.06 to 0.07 mm. Considering comprehensively the tool life 
and productivity, region B can be regarded as an optimum ma- 
chining condition. For region C, the VB values were up to 0.10 
to 0.20 mm; whereas in region D, it increased significantly to 
>0.30 mm, where fracture occurred. 

Figure 3(a-d) shows typical SEM morphologies of  wear sur- 
face on the flank face at different regions. In regions A and B, 
the wear mechanisms were abrasive wear with the wear track 
corresponding to the friction direction. The severity of  region 
B was larger than that of  region A. In region C(I) (with lower 
speed and higher feed), the broken edge area was obvious; 
however, no adhesion was found at the area, as shown in its 
morphology, indicating that the broken edge was caused due to 
mechanical stress. In region C(II) (higher speed and higher 
feed), the adhesive metal fragment was displayed. When the 
conditions entered region D, the adhesion became more severe, 

Fig. 1 The microstructure ofa  Si3N 4 ceramic tool 

Fig. 2 Wear map of a Si3N 4 ceramic tool when cutting 1045 
steel 

and it could usually pull some Si3N 4 material by delamination 
as the adhesive metal was detached. 

The wear mechanisms are closely related to the cutting tem- 
perature and cutting force near the tool edge. Figure 4 shows 
the temperature distribution on the flank face of  the Si3N 4 tool. 
Figure 5 shows the curves of temperature varied with the cut- 
ting speed. It can be found in region C(I) when the cutting 
speed was less than 50 m/min, the temperature was lower 
(<600 ~ and basically no adhesion occurred. However, at 
lower cutting speeds, the deformation coefficient ~ (~ = hdtlhD, 
where hch is the thickness of  the chip and h D is the cutting 
depth) would be larger (Ref 13), and when the feed rate was 
higher, the cutting resistance also became larger. Therefore, 
this region was of  low temperature and high force (LT&HF), 
and the tool edge could be easily broken due to mechanical 
stress. When the cutting speeds and feed rates reached the C(II) 
region, the VB values were almost the same as in region C(I); 
however, the wear mechanisms were different. In the C(II) re- 
gion, the temperature was about 1000 to 1200 ~ and the cut- 
ting force was also larger at high feed rate, therefore it belongs 
to a region of  high force and high temperature (HF&HT). 
These conditions would certainly promote adhesion at the tool- 
work interface. Analyzing the B region by the same method, 
we found that it covered quite a broad range of cutting speeds 
and feed rate, but the high cutting speed and high feed rate 
didn ' t  exist at the same time, so adhesion was not present and 
abrasive wear was the main wear mechanism. In region A, the 
temperature was approximately 1000 ~ which could be con- 
sidered as the optimum temperature condition where no adhe- 
sion occurred and the abrasive wear was also the least. In the D 
region, both the cutting force and temperature were maximum 
on the map, which would certainly cause severe adhesion, and 
when the adhesive metal detached from the flank face during 
the continuous turning, the tool material could be pulled out so 
that the fracture occurred. 

3.2 Wear Map of Si3N4 Tool for Cutting 302 Stainless 
Steel and Wear Mechanisms 

Figure 4 shows the wear map of  the Si3N 4 tool for cutting a 
302 stainless steel at various cutting speeds and feed rates. Dif- 
fering from the map for cutting 1045 steel, only three regions 
were found on this map. Region A showed the least flank wear 
range of  0.06 to 0.10 mm in the cutting speed range of  106.7 to 
163.3 m/min and a feed rate range of  0.1 to 0.2 mm/revolution. 
The flank wear became more severe (>0.30 mm) when the feed 
rates were higher than 0.3 mm/revolution for all cutting speeds. 
Region B showed the medium flank wear at 0.11 to 0.25 mm. 
From these data, it can be determined that the flank wear of a 
Si3N 4 tool for cutting stainless steel is obviously higher than 
that for cutting plain carbon steel. 

Figure 7 displays the typical SEM morphologies of  the wear 
surface on the flank face for different regions. The severe flank 
wear in region C is shown in Fig. 7c, and the microfracture can 
also be seen in Fig 7d. From the results of SEM and EDX analy- 
sis on the chip, as shown in Fig. 8, we can consider that the se- 
vere adhesion happened first, and then during the continuous 
turning the adhesive material was delaminated, which induced 
the peeling-off of the ceramic material. In region B, adhesion 
was severe and the whole flank face was nearly covered by the 
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adhesive workpiece material. There existed a small region A, 
which was suitable for cutting with the least adhesion and the 
abrasive wear was mild as well. The wear mechanisms can be 
explained also by the cutting temperature. Figure 9 shows the 
temperature distribution curves as measured by the thermal 
video system. The cutting temperature varied with cutting 

speed is shown in Fig. 5. Comparing it with Fig. 4, it is apparent 
that the cutting temperature for cutting stainless steel was ap- 
proximately 20% higher than for cutting plain carbon steel; it 
can reach approximately 1400 ~ at high cutting speed. Rea- 
sons for this phenomenon are due to the high toughness and 
ductility of  stainless steel on one hand, which is about 11/2 

(a) (b) (c) 

(d) 

(e) (f) (g) 

Fig. 3 Typical SEM morphologies of the wear surface ofa Si3N 4 ceramic tool when cutting 1045 steel. (a) Region A. (b) Region B. (c) Re- 
gion C(I). (d) Region C(I). (e) Region C(II). (f) Region D. (g) Region D 
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Fig. 5 The curves of temperature varied with cutting speed 

Fig. 4 The temperature distribution on the flank face of a 
Si3N 4 ceramic tool when cutting 1045 steel 

(a) (b) 

Fig. 6 Wear map ofa Si3N 4 ceramic tool when cutting 302 
stainless steel 

times that of 1045 steel (Ref 14), so the cutting resistance of 
stainless steel is higher, which must result in the higher cutting 
heat, and its poor thermal conductivity (K = 0.039 cal/cm.s), 
which is only one-third that of  1045 steel (Ref 15), on the other. 
Therefore the main wear mechanism for cutting stainless steel 
was adhesion promoted by high temperature. 

The contact length between the chip and rake face, when 
cutting the stainless steel, was shorter. It was approximately 65 
to 70% of  the length when cutting 1045 steel (Ref 15). Thus, 
the higher cutting force and temperature can be concentrated 
on the cutting edge, which will easily make the ceramic tool 
subject to the high thermal shock and induce microfracture. 

4. Conclusions 

�9 The wear maps of  a Si3N 4 ceramic tool for cutting 1045 
plain carbon and 302 stainless steels were obtained accord- 

(e) (d) 

Fig. 7 Typical SEM morphologies of the wear surface of a 
Si3N 4 ceramic tool when cutting 302 stainless steel. (a) Region 
A. (b) Region B. (c) Region C. (d) Region D 

ing to the cutting parameters in region A, which can be sug- 
gested for less wear and longer tool life. 

The flank wear of a Si3N 4 ceramic tool when cutting 302 
stainless steel was always higher than that for cutting 1045 
plain carbon steel due to the higher cutting temperature of 
the former. 

The main wear mechanisms of  a Si3N 4 ceramic tool were 
microfracture and abrasive wear in the condition of lower 
cutting speeds, and adhesion-induced fracture and delami- 
nation at higher cutting speeds. An optimum region, where 
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(b)  

Fig. 8 SEM morphology of chip (a) and its EDX analysis (b) 

both fracture and adhesion were not obviously developed, 
is always present at medium cutting speed. 
The cutting temperature was measured by a thermal video 
system. The temperature distribution on the Si3N 4 tool sur- 
face when cutting 302 steel was approximately 20% (on av- 
erage) higher than when cutting 1045 steel. The high 
cutting temperature could easily promote adhesion and ad- 
hesion-induced failures of  the ceramic tool. 
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