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With the determined parameters of cutting speed, feed rate and back cutting depth, cemented carbide 
tool was adopted to dry cut 304 stainless steel, exploring the tool wear failure mechanism and its effect 
on the surface quality of the workpiece under different cutting times. The morphology of the tool surface 
is observed by scanning electron microscopy, and the component of the tool is analyzed by energy dis-
persive spectroscopy. The three-dimensional microscopic shape of workpiece surface is observed by a 
three-dimensional shape analyzer and the surface roughness Ra was measured. The results indicate that 
during the process of 6-minute cutting, the abrasive wear and adhesion wear are occurred on the tool, the 
surface quality of the machined workpiece is good; during the process of 12-minute cutting, oxidation 
wear is appeared while the tool subjects abrasive wear and adhesion wear, and the surface quality of the 
machined workpiece become pool; during the process of 18-minute cutting, the tool is under the com-
bined action of various wear mechanism. Because of the passivation of tool nose, the surface quality of 
the workpiece is deteriorated, and it can’t meet the requirements of finish machining. In the process of 
dry cutting workpieces by cemented carbide tool, the tool suffers abrasive wear, adhesion wear and oxi-
dation wear. The surface quality of the workpiece is declined due to the passivation of the tool nose. 
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 Introduction 

304 stainless steel is a kind of alloy with austenitic 
structure, and its production accounts for 45%~55% 
of the total production of stainless steel. It still can 
maintain good resistance to corrosion under high tem-
perature conditions, and it is widely used in many key 
fields of national economy, such as nuclear power 
housings and various pipes on marine power plants 
[1]. However, because of the low thermal conducti-
vity, high toughness and high tensile strength of 304 
stainless steel, the process of cutting is accompanied 
with large cutting resistance, severe work hardening, 
high cutting temperature and difficulty in chip brea-
king. It easily leads to tool wear, and results in short 
tool life and low cutting efficiency, so it is considered 
as a typical material to be cut hardly [2]. 

In recent years, many investigations have been de-
voted to improve cutting performance of stainless 
steel. JANAINA, G. C [3]   employed cemented car-
bide tool to cut stainless steels, the results revealed 
that the dominant wear mechanisms were abrasion 
and diffusion wear. KROLCZYK, G. M [4-6] investi-
gated the effect of different cutting parameters on tool 
life in duplex stainless turning process, and the conc-
lusion shown that tool life was longer without using 
the cooling lubricant and the tool coated with Al2O3 
had stronger wear resistance. JOHANNES, K [7] 
adopted cemented carbide tool to cut the carbon steel, 

and the tool wear was ascribed to crater wear, flank 
wear and corner radius wear. KOLAR, P [8] carried 
out the cutting experiments to present that the flank 
wear influenced the cutting force acting on the worn 
tool more significantly than cutting tool geometry. 
ROSA, G. C [9] conducted experimental research on 
tool wear and wear mechanism during cutting of AISI 
420C stainless steel, the results showed that the influ-
ence of both cutting speed and feed rate over tool life, 
and the oxidation wear mechanism was indicated. 
SAKETI, S [10] applied cemented carbide tools with 
different grain sizes to cut austenitic stainless steel, 
and pointed out that fine grain tools have good wear 
resistance. NESLUSAN, M [11] studied the influence 
of tool wear on surface integrity after turning of stain-
less steel, and determined that the density of carbides 
played a significant role in the resistance of the matrix 
against the structure transformations. The above pa-
pers are very useful to understand the tool wear cha-
racteristics under the condition of cooling lubricant, 
which also provide a reference for actual cutting pro-
cess. Recently, dry cutting, served as an environmen-
tally friendly cutting technology, was presented, which 
eliminated a series of problems caused by cooling lub-
ricant during cutting process such as environmental 
pollution, health risk of workers and cost increase [12]. 
Therefore, the dry cutting has attracted more and 
more attention of manufactures and researchers. 
Through comparative experiments, ANSELMO, E. D 
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[13] found that the dry cutting could produce a smoo-
ther surface with less power consumption than cutting 
with cooling lubricant. KROLCZYK, G. M [14] in-
vestigated the average surface roughness in the dry 
cutting of duplex stainless steel and revealed that dry 
machining resulted in a reduction in friction for lubri-
cated surfaces. PATHIRANAGAMA, G. J [15] stu-
died experimentally the tool wear in dry machining of 
aluminium alloys and proposed the optimization 
scheme. However, these investigations mainly focused 
on cutting parameters or workpiece surface quality in 
dry cutting conditions. The wear and failure mecha-
nisms of tools during dry cutting process of stainless 
steel have not been involved in the existing researches.   

In this paper, the cemented carbide tool was em-
ployed to dry cut 304 stainless steel, and a series of 
tests were carried out. The wear mechanism of cemen-
ted carbide tool under different cutting times was stu-

died, and the influence of tool wear on the surface qu-
ality of the workpiece was observed. The investigati-
ons can provide a reference for the dry cutting of 
poor-thermal-conductivity materials cut by the ce-
mented carbide tools. 

 Cutting test 

2.1 Workpiece materials and tool 

The rod of 304 Stainless steel was used in cutting 
test, and its geometrical size was ∅40×300 mm. Its 
main chemical composition and physical properties 
were shown in Tab 1 and 2, respectively. 

Tab. 1 Chemical composition of 304 stainless steel (mass 
fraction, %) 

Fe Si Cu S Ni Cr 
Balance 0.96 1.23 1.56 7.57 18.62 

Tab. 2 Thermo-mechanical properties of 304 stainless steel 

Property 
Den-

sity/(kg/m3) 

Melting 
tempera-
ture/°C 

Tensile 
stren-

gth/MPa 

Yield 
stren-
gth 

/MPa 

Elastic 
modu-

lus, 
E/GPa 

Hard-
ness, 
HB 

Elonga-
tion/% 

Thermal 
conducti-

vity/ 
[W/(m·k)] 

Specifica-
tion 7930 1398 520 205 193 187 40 16.3 

 
The dimension of tool was 13×13×4.5 mm, and 

both the tool cutting edge angle and minor cutting an-
gle were 45°. It’s rake angle γ0 and relief angle α0 were 
6°and 4°, respectively. The tool nose radius was 0.5 
mm, the transition edge width was 0.2 mm, and the 

chip flute width was 3.4 mm, and it’s physical and me-
chanical properties were shown in Tab. 3. The inde-
xable tool was installed by the   machine clamp screw 
into the groove of the shank.

Tab. 3 Thermo-mechanical properties of tool 

Property 
Density 

/(kg/m3) 

Flexure 
stren-

gth/MP 

Hard-
ness, 
HRA 

Impact tou-
ghness J/M 

Elastic modulus, 
E/GPa Ingredient 

Specification 1450~1490 1500 89 2.5 600 WC+8%Co 

2.2 Cutting test scheme 

The cutting tests were carried out on a CNC lathe 
of model CK400, as shown in Fig. 1(a), whose motor 
power was 5.5 KW, and the speed range of spindle 
was 50-2500 r/min. The experimental cutting parame-
ters were as follows: cutting speed 80 m/min, cutting 
depth 0.6 mm and feed rate 0.12 mm/r. One end of 
304 stainless steel rod was fixed by three-jaw chuck, 
and the other was supported by the thimble to im-
prove the rigidity of the process system. From Fig. 
1(b), the indexable tool was used for cutting, and the 
four noses of tool were marked with number 0, 1, 2 
and 3, respectively, the No. 0 tool nose was not invol-
ved in the cutting. In order to verify the tool wear me-
chanism, the experiments on different tool noses with 

different cutting times were carried out. When the 
cutting tests were   completed, the surface of the tool 
was washed with acetone and dried in air. The wear 
contour of the rake and the flank of the tool were ob-
served by the scanning electron microscope (JSM-
6490LV), and the distribution of the elements on the 
tool surface was analyzed by the energy dispersive 
spectrometer. At the same time, the three-dimensional 
morphology of the workpiece surface was obtained by 
RETC-UP 3D topography instrument. The measure-
ment path was defined by the post-processing soft-
ware Gwyddion. The surface contour was extracted 
along the defined path, and the surface roughness Ra, 
arithmetic mean deviation of the profile, was mea-
sured. 
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a) Cutting device 

 

b) Tool components 

Fig. 1 Cutting device and tool 

 Experimental results and discussion 

3.1 Cutting force and cutting heat of tool 

During the cutting process, the cutting force is 
generated by the elastic-plastic deformation resistance 
and the friction force between material and tool. It can 
be decomposed into three branches along three di-
rection, namely the main cutting force Fc, the feed 
force Ft and the back force Fp, as shown in Fig. 2(a). 
In the cutting process, the workpiece material is de-
formed elastically by the action of the tool extrusion. 
The metal material that has been plastically deformed 
is separated from the workpiece and slips along the 
shear plane to form chips. They flow along the rake 
face of the tool and generate a large amount of cutting 
heat. At the same time, the metal cutting layer is plas-
tically deformed by the extrusion and friction of the 
tool edge which leads to generating a lot of cutting 
heat.  

According to the cutting temperature theory of 
Shaw MC. It is assumed that the heat generated in the 
shear zone, the contact zone between the rake face 
and the chips bottom, the contact zone between the 
flank face and the machined surface are all transferred 

to cutting heat [16]. The transferred paths of the tool 
cutting heat are shown in Fig. 2(b), and the cutting 
heat transfers to the chips, workpiece and the tool re-
spectively. It leads to the increase of the workpiece 
temperature, and high cutting temperature burns the 
workpiece material, then the surface quality of the 
workpiece declines. Meanwhile the heat transferred to 
the tool can result in chemical reaction between the 
elements in the tool and the elements in the air, which 
reduces the hardness of the tool and shortens its ser-
vice life. 

 

a) Sketch of cutting area’s heat 

 

b) Sketch of cutting area’s heat transfer 

Fig. 2 Sketch of cutting heat and heat transfer 

3.2 Before cutting 

Scanning electron microscope (SEM) was applied 
to observe the cutting edge of No.0 tool nose, and the 
surface morphology of the rake and flank faces are 
shown in Fig.3(a)-(c), respectively. The energy 
spectrum of element distribution at point A marked 
on the rake face is displayed in Fig.3(d). It can be seen 
from Fig.3(a)-(c) that the cutting edge is complete, and 
the tool nose is sharp. Energy spectrum diagram of 
Fig.3(d) illustrates that the tool material contains 
6.34% C, 6.89% Co and 86.77% W. It can be seen that 
there are still three types of elements distributed in the 
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tool which are compared with those in Table. 3, so 
there are not any other impurity elements in the tool. 
Co is used as the adhesive for cemented carbide tool, 
which acounts for 8% of total mass score, while the 
measured content of Co at point A is 6.89%. This di-
fference attributes to the uneven composition of the 
structure in the tool material. 

 

a) SEM morphology of rake face 

 

b) SEM morphology of main flank face 

 

c) Enlargement of area M1 

 

d) SEM energy spectrum of point A 

Fig. 3 Morphology of the workpiece and tool surface and 
energy spectrum of tool 

3.3 The initial stage of the cutting 

The cutting edge of the tool at initial stage of 
cutting corresponds to the No.1 in Fig. 1(b). After 
cutting for 6 minutes, the morphology diagrams of the 
tool nose are shown in Fig. 4(a)-(c). The energy 
spectrum of element distribution at point B marked 
on the rake face is illustrated in Fig. 4(b). From Fig. 
4(a)-(b), it can be seen that there is slight wear at tool 
nose, which is due to the constant contact friction 
between the workpiece and the tool surface. Some    
micro-cracks on the tool surface are generated by the 
action of constant mechanical stress, which leads to 
the shedding of the tool material. Some researches re-
vealed that stress concentration can lead to cracks on 
the surface of tool, and compressive residual stress can 
effectively inhibit the initiation and development of 
fatigue crack on the surface of tool and prolong its 
service life [17-18], such as shot peening[19], laser 
peening[20-21]. As Fig. 4(c) illustrated, there are some 
small pits on the rake face of the tool and some tiny 
scratches near the main cutting edge. Fig. 4(d) displays 
the material at point B contains 4.26% C, 5.72% Co, 
70.11% W, 11.48% Fe, 6.12% Cr and 2.31% Ni. Com-
pared with the element contents of C, Co, W shown 
in Fig. 3(d), the corresponding values of these ele-
ments in rake face of tool are decreased obviously. 
The elements of Fe, Ni, Co belong to one family and 
have strong chemical affinity, which leads to the loss 
of Co in cemented carbide tool. As a result, the bon-
ding strength of WC particles is decreased, and WC      
particles is easily worn off from the tool, and the hard-
ness of the tool is reduced. Meanwhile, the tiny par-
ticles in the tool material adhere to the chips and 
workpiece, and they are taken away by the chips du-
ring the cutting process. Then some tiny pits are pro-
duced by the loss of its material, which is called adhe-
sion wear. Sometimes the hard particles existed in the 
workpiece material plow the tool surface continuously, 
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which leaves tiny scratches on it easily. This kind of 
wear is abrasive wear, a common type of tool wear. 
Fig. 4(e) demonstrates three-dimension morphology 
of the workpiece. Fig.4(f) shows the surface profile is 
measured along the defined path with Gwyddion soft-
ware. It can be seen that the surface roughness Ra of 
the workpiece is 1.4 µm. Therefore, the quality of the 
workpiece surface is good. 

 

a) SEM morphology of rake face 

 

b) SEM morphology of main flank face 

 

c) Enlargement of area M2 

 

d) SEM energy spectrum of point B 

 

e) 3D microscopic profile of workpiece surface 

 
f) Roughness curve of workpiece surface 

Fig. 4 Morphology of the workpiece and tool surface and 
energy spectrum of tool (cutting time of 6 minutes) 

3.4 The middle stage of cutting 

The cutting edge of the tool in the middle cutting 
stage corresponds to the No. 2 tool nose in Fig. 1(b). 
After 12 minutes of cutting, the morphology of the 
No. 2 tool nose is shown in Fig. 5(a)-(c). The energy 
spectrum of the elements distribution at point C 
marked on rake face is exhibited in Fig. 5(d). As dis-
played in Fig. 5(a)-(c), the wear volume at the tool nose 
is increased, and the edge wear is more serious after 
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12 minutes of cutting in comparison with that after 6 
minutes of cutting. According to Fig. 2(b), a large 
amount of cutting heat is transferred to the workpiece 
during the cutting process, the cutting heat is accumu-
lated continuously with the cutting time extension. As 
we known, the thermal conductivity of 304 stainless 
steel is 16.3 W/(m·K), while the coefficient of heat 
conduction of Q235 steel is currently 49.7 W/(m·K). 
Therefore, the thermal conductance of 304 stainless 
steel is poorer, and the heat in the cutting zone is di-
fficult to conduct out in time. As a result, cutting tem-
perature is increased, which softens the tool material 
and accelerates the wear of the tool nose. As illustrated 
in Fig. 5(d), the material of point C contains 1.82% C, 
4.31% Co, 57.52% W, 23.17% Fe, 5.26% Ni, 5.84% 
Cr, and 2.08% O. Compared with the elements con-
tents of 6 minutes cutting, the contents of Fe, Ni and 
Cr on the tool are increased, while the contents of C, 
Co, W are decreased slightly. The main reason for this 
phenomenon is that the elevation of cutting tempera-
ture results in the aggravation of adhesive wear with 
the extension of cutting time. It leads to the adhesion 
of some stainless steel material to the tool surface. 
However, the reason for the existence of element O 
in the tool is that the material of cutting tool is easily 
oxidized in the air at the high cutting temperature [22]. 
The chemical formula (1) and formula (2) are as 
follows: 
 

2 3 2
2 5 2 2WC O WO CO    (1) 

 
2 2 2

2WC O WO CO    (2) 
 
WO2 and WO3, the products of oxidized reac-

tion, are increased with the reduction of WC. As a re-
sult, the cutting performance of the tool is deterio-
rated. Moreover, these oxides remain on the tool sur-
face, and it is susceptible to be damaged by the friction 
between workpiece and chips which is due to its low 
hardness. When the surface oxides are worn out, the 
newer come into being. WC is reoxidized and rubbed 
off repetitively, which results in the oxidation wear of 
the tool. 

 

a) SEM morphology of rake face 

 
b) SEM morphology of main flank face 

 
c) Enlargement of area M3 

 
d) SEM energy spectrum of point C 

 
e) 3D microscopic profile of workpiece surface 
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f) Roughness curve of workpiece surface 

Fig. 5 Morphology of the workpiece and tool surface and 
energy spectrum of tool (cutting time of 12 minutes) 

 
Fig. 5(e) shows the three-dimensional micro-topo-

graphy of workpiece, and there are many tiny grooves 
on the surface of workpiece. Fig. 5(f) displays the sur-
face contour of the workpiece, and the surface rou-
ghness Ra of workpiece is 10.3 µm. Obviously, it is 
much larger than that resulted from cutting for 6 mi-
nutes, and the surface quality is worse further. 

3.5 The final stage of cutting 

The cutting edge in the final cutting stage corre-
sponds to the No. 3 tool nose in Fig. 1(b). Fig. 6(a)-(c) 
exhibit the morphology of the No. 3 tool nose after 
18 minutes of cutting. Fig. 6(d) displays the energy 
spectrum of the elements distribution at point D 
marked on rake face. From Fig.6(a)-(c), it can be seen 
the wear of the tool nose is heavy, and the wear vol-
ume of the main cutting edge is further increased. Ac-
cording to Fig. 6(d), the material of point D contains 
1.93% C, 9.87% Co, 8.79% W, 48.59% Fe, 8.14% Ni, 
17.84% Cr, 4.84% O. Compared with the energy 
spectrum of cutting tool which is subjected to cutting 
for 12 minutes, the contents of Fe, Ni, Cr, O in the 
rake face have been     increased, which indicates that 
the rake face is covered with some stainless steel ma-
terials and oxides.So the oxidation wear and adhesive 
wear are seriously deteriorated on the tool surface. 
The reasons are ascribed to the following: with the in-
creasing of cutting resistance induced by tool gradual 
passivation, the cutting temperature rises constantly, 
which speeds up the oxidation reaction between metal 
and oxygen and makes the oxidation film and adhe-
sion film cover the tool surface. The high temperature 
also accelerates the loss of element Co in the tool, 
which changes the material’s composition ratio and re-
duces the mechanical property of the tool [23]. Fig. 
6(e)-(f) display the three-dimensional micro-topo-
graphy and surface contour diagram of the workpiece, 
respectively. As illustrated in Fig. 6(e), there are tiny 

grooves appeared on the workpiece surface. The sur-
face roughness Ra of the workpiece is increased to 
19.4 µm, which is larger than the value of workpiece 
that is subjected to cutting with shorter time. The sur-
face of workpiece is extremly rough and the quality is 
poor, so that the cutting tool can’t meet the require-
ments of finish machining. 

 

a) SEM morphology of rake face 

 

b) SEM morphology of main flank face 

 

c) Enlargement of area M4 
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d) SEM energy spectrum of point D 

 

e) 3D microscopic profile of workpiece surface 

 

f) Roughness curve of workpiece surface 

Fig. 6 Morphology of the workpiece and tool surface and 
energy spectrum of tool (cutting time of 18 minutes) 

 Conclusion 

YG8 cemented carbide tool has been widely used 
in many kinds of cutting with cooling lubricant, but it 
has been seldom reported that was utilized in dry 
cutting, so this research has a certain practical value. 
After the experiment of   different cutting times, the 
tool was evaluated by the scanning electron micros-
cope JSM-6490LV and EDS analyzer which was part 

of this microscope. And the three-dimensional 
morphology of the workpiece surface was obtained by 
RETC-UP 3D topography instrument. From the 
above images, the authors formulated the following 
conclusions: 

I. Under the condition of cutting speed 80 
m/min, cutting depth 0.6 mm and feed rate 
0.12 mm/r, the wear        volume of cemented 
carbide tool increases with the extension of 
cutting time. The wear volume of main 
cutting edge is larger than that of minor 
cutting edge. 

II. The wear mechanism of the tool subjectes to 
a short time cutting is abrasive wear and ad-
hesive wear.           Experiencing a long time 
cutting, the types of tool wear mainly belong 
to abrasive wear, adhesive wear and       oxi-
dation wear. 

III. With the raising of wear volume, the contact 
area between workpiece and tool is enlarged. 
the surface roughness Ra of the workpiece 
increases from 1.4 µm to 19.4 µm, so the qu-
ality of the workpiece surface decreases ob-
viously. 

 
Through the analysis of tool wear in different 

cutting time, the mechanism of tool wear is mastered. 
It can help to solve the problem about tool wear in the 
process of high-speed cutting aviation stainless steel 
with cemented carbide tools, and reduce the cost of 
tools and improve the machining quality of workpie-
ces. 
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