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Abstract

sion, tearing and fracture.

Adhesion of cutting tool and chip often occurs when machining stainless steels with cemented carbide tools. Wear
mechanism of cemented carbide tool in high speed milling of stainless steel 0Cr13Ni4Mo was studied in this work.
Machining tests on high speed milling of 0Cr13Ni4Mo with a cemented carbide tool are conducted. The cutting force
and cutting temperature are measured. The wear pattern is recorded and analyzed by high-speed camera, scanning
electron microscope (SEM) and energy dispersive X-ray spectroscopy (EDS). It is found that adhesive wear was the
dominant wear pattern causing tool failure. The process and microcosmic mechanism of the tool's adhesive wear are
analyzed and discussed based on the experimental results. It is shown that adhesive wear of the tool occurs due to
the wear of coating, the affinity of elements Fe and Co, and the grinding of workpiece materials to the tool material.
The process of adhesive wear includes both microcosmic elements diffusion and macroscopic cyclic process of adhe-
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1 Introduction
Cemented carbide tools are regarded as the most suit-
able tool material available commercially for machining
of stainless steels [1]. However, serious adhesion of cut-
ting tool and chip often occurs when large-scale parts of
stainless steel are machined interruptedly by cemented
carbide tools [2]. Adhesion is especially critical in the
case of machining materials like stainless steels, other
high alloyed steels and super alloys [3]. In terms of low-
ering adhesion wear, it is of great value in research and
industry to analyze adhesion during machining process.
Stainless steels are generally regarded to be more dif-
ficult to machine than carbon or low alloy steels [4, 5].
Stainless steels exhibit high ultimate elongation and work
hardening [6]. When machining stainless steels with
cemented carbide tools, the physical and mechanical
properties of stainless steels have great influences on the
machining process, in which the heat-conducting prop-
erty and cutting temperature are the crucial factors (7, 8].
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and indicate if changes were made.

Machining of stainless steels is a very complex process
with physical interactions involving cutting temperature,
cutting force, plastic deformation, friction, high strain
rate, and tool wear or failure [9]. Due to high plasticity of
stainless steels at high cutting temperature, high cutting
force and high temperature is generated in machining
stainless steels, which produces a situation for adhesion
of the workpiece material to the tool and will shorten
the tool life [10, 11]. Adhesion occurs under high cut-
ting temperature and high compressive stress. Low ther-
mal conduction rate and high ductility of stainless steels
can lead to the serious built-up edge (BUE) phenomenon
in the machining process [12]. High affinity of stainless
steels to tools promotes adhesion to the cutting edge dur-
ing high-speed machining conditions [13, 14]. Cold weld
of workpiece material and tool is formed when cut-out
due to relative low environmental temperature [15]. A
consequence of the strong bonding between the tool and
the material is the formation of different types of trans-
fer and adherent layers during the machining process
[16, 17]. Adhesion and tearing alternately occur with the
machining process, and severe adhesive wear will appear
before the tool reaches its normal wear life [18, 19].
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In this work, experiments of high speed milling stain-
less steel with a cemented carbide tool are conducted.
Observation and analysis of adhesive wear are per-
formed to reveal the wear mechanism of the tool. The
wear mechanism and process are discussed based on the
experimental results.

2 Experimental

2.1 Workpiece Material and Cutting Tool

The workpiece is shown in Figure 1. The workpiece mate-
rial is martensitic stainless steel 0Cr13Ni4Mo, which is
widely used in turbine blade, flow passage components
and runner chamber due to its excellent mechanical and
wear-resistant performances. The heat treatment pro-
cess of the workpiece material is normalizing and high
temperature tempering. In the normalizing process, the
workpiece material needs to be heated to approximate
1000 °C and holds for 30 min, and then cools in the air.
In the following high temperature tempering process, the
material is reheated to about 600 °C, and holds for 2 h,
and then cools down to room temperature. Thus, the
physical and mechanical properties of workpiece can be
improved effectively. The stainless steel 0Cr13Ni4Mo
is processed by solid solution and air cooling to obtain
martensitic structure. The martensitic structure is tem-
pered and reverse transformation of parts of them is con-
ducted. The generated austenite distributes among the
stripy martensitic structure as the single wedge-shaped
or flake grain. The toughness of the steel is increased, and
the plasticity and weld ability are improved without sig-
nificant decreasing in strength [20].

The chemical compositions and physical properties of
0Cr13Ni4Mo are given in Tables 1 and 2. It is seen that
0Cr13NidMo is a difficult-to-cut material with high
strength and low heat dissipation properties.

A cemented carbide milling cutter with super-hard
coating is employed in the experiment, as shown in Fig-
ure 2. The tool’s diameter is 10 mm, the helix angle is 35°,
and the working rake angle is 15°.

Figure 1 Workpiece
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Table 1 Chemical composition of 0Cr13Ni4Mo (mass%)

Element Value Element Value

C <008 Cr 15.0-16.5

Si <0.70 Ni 45-55

Mn <1.00 Mo 0.8-1.2

S <001 N <005
<0.03 Fe Balance

Table 2 Physical properties of 0Cr13Ni4Mo at room

temperature

Name Value Name Value

Material density 7559  Linear expansion coef- 139

o (9/cm?) ficient k (mm/°C)

Specific heat capacity 0471 Thermal conductivity 182

¢ (/(gK) A (W/(m-K))

Thermal diffusivity 0.0511  Poisson ratio 0.284

a/(cm?/s)

Elastic modulus E/MPa 0205  Tensile strength o, (MPa) 1100

2.2 Machining Tests

Machining tests are performed using slot milling on
the CNC machining center MIKRON UCP 710. Down
milling is performed in dry condition. According to the
machining conditions frequently used in industries, the
cutting parameters are selected and shown in Table 3.
The experimental set-up is shown in Figure 3.

The cutting forces are measured with a 3-compo-
nent piezoelectric dynamometer. The dynamometer is
mounted on the machining center, and the workpiece is
mounted on the top of the dynamometer, as shown in Fig-
ure 1. The cutting temperature is measured by an infra-
red thermal imager, for a calibrated temperature range
of 20-1500 °C. The thermal imager is mounted on the
machine turret and placed directly over the tool rake face
during the machining tests. The cutting forces and cutting
temperature data are acquired by an acquisition software
installed on a personal computer. A high-speed camera is
employed to observe and record the milling process.

2.3 Analysis of Tool Wear

The scanning electron microscope (SEM) is used to ana-
lyze the microstructure of the worn tool. The energy dis-
persive X-ray spectroscopy (EDS) is employed to examine
the elements distribution of the worn tool.

3 Results and Discussion

3.1 Tool Wear

Many studies [21, 22] show that adhesive wear is the
dominant factor of tool failure in cutting stainless steels
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Figure 2 The cemented carbide milling cutter

Table 3 Cutting parameters

Experiment Spindle Cutting Depth Feed rate

number speed speed of cut f, (mm/
n (r/min) v, (m/min) a, (mm) tooth)

1 5000 150 15 0.01

2 0.025

3 0.05

4 6500 200 0.01

5 0.025

6 0.05

7 8000 250 0.01

8 0.025

9 0.05

with cemented carbide tools. In the milling process of
0Cr13Ni4Mo, the cutting temperature can reach 800 °C
and the cutting force is also high. There is microscopic
asperity on the rake face, and the tool’s hardness is
decreased due to thermal-mechanical coupling. Ele-
ments affinity is easy to occur between the tool and
workpiece materials, which leads to the adhesion. In
cut-in process, the adhesion of tool and chip is gener-
ated due to the effects of compressive stress. Then the
chip is removed by tensile stress in cut-out process.
During chip removal, the damage is caused in adhe-
sion areas due to the relative motion of the tool and
chips, and the metal particles on the surface of tool will
be torn. Therefore, adhesive wear is generated. When
there is excessive adhesive wear, fracture of tool edge
will occur, which results in cutting failure of the tool.

The direction of the tool damage depends on the stress
distribution. When cutting with negative rake angle, the
rake face has little probability to fracture as the rake
face suffers more compressive stress. When cutting with
positive rake angle, the rake face is prone to fracture due
to tensile stress [21]. As the rake angle of the milling
cutter used in the experiment is 15°, the fracture should
occur on the rake face theoretically, which is confirmed
by experimental results, as shown in Figure 4.

In the experiment, the adhesive wear of the tool has
the following features:

Figure 3 Experimental set-up. 1. Workpiece, 2. Tool, 3. Thermal
imager, 4. Dynamometer

(1) The contact area between the tool and the work-
piece or the chip is usually a “fresh” surface [19].

(2) The tool suffers large compressive stress in cut-in
and large tensile stress in cut-out. The largest tensile
stress may exceed the tensile strength of the tool
material.

(3) The temperature on the tool-chip interface is very
high and local instantaneous temperature even can
exceed 800 °C, as recorded by the infrared thermal
imager and shown in Figure 5. The cutting tempera-
ture has a significant influence on adhesive wear.

Therefore, the cutting edge of the tool endures high
tensile and compressive stresses as well as high temper-
ature. The machined workpiece and the chip both have
fresh surfaces with high chemical activity at high tem-
perature. Meanwhile, the oxidation layer or other coat-
ing of the tool is worn gradually, which forms a condition
for adhesion and diffusion of the tool and workpiece
materials. Therefore, under the condition of interrupted
machining, the uneven distribution state of cutting force
and cutting temperature results in adhesive wear even
the fracture of the tool. Higher cutting speed helps to
decreases cutting force and is recommended to use in
high speed milling of stainless steel.

3.2 Adhesive Wear Mechanism

3.2.1 Adhesion Condition

The reason that the adhesion of tool and chip is that there
are strong affinity between the tool and chip materials.
However, the tool’s coating can increase the wear-resist-
ant performance and tool life. Only when the coating is
worn, the adhesion can occur. Therefore, the coating
wear should be investigated first when studying the adhe-
sion condition.
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Figure 4 Fracture of the rake face

803.5C

<300.0C

Figure 5 Cutting temperature recorded by the infrared thermal
imager

Figure 6 TiAIN coating in initial wear stage

The milling cutter has a sharp cutting edge with high
cutting load. The cutting edge bears extrusion, shear and
impact. Besides, the coating on the tool’s tip is weaker
than other parts of the tool. Therefore, the cutting edge is
more easily to be worn.

(1) Coating wear

The cutting force in high-speed machining is usually
smaller than conventional machining. However, as
the cutting edge is very sharp, the load in unit area
is very high.

The tool coating is TiAIN, which is a thin film coat-
ing and has a good mechanical performance and
thermodynamic performance. TIAIN-coated tool is
usually used in machining of difficult-to-cut materi-
als. In the initial machining stage, the coating wear
is slight and the surface is smooth. The wear scar

has a smooth surface and shallow ploughing, and
the distinct wear edge is seen, as shown in Figure 6.
The hardness of hard phase TiAIN in the coat-
ing is higher than the hard phase WC of the tool.
The coating can restrict the diffusion of hard phase
Cr and Mo, which can refine grains and increase
the tool’s strength, increasing the wear resistance
of the tool. As Al in the coating is easy to be oxi-
dized to form Al,O; dense membrane on the tool
surface, the strength decreasing due to C diffusion
and adhesion due to adhesive phase diffusion can
be avoided to some extent. The resistance of diffu-
sion wear and adhesive wear of the tool are there-
fore increased.

Refs. [23-26] show that under mechanical load,
thermal impact and the effects of tearing of tool and
chip, coating spallation is often found, which leads
the coating failure and makes the naked tool matrix
exposed to the air.

The experiment indicates the main wear form of
TiAIN-coated tool is characterized as slight fracture
of the tool edge. The coating spallation occurs in
the cutting edge near the rake face. Adhesions and
coating adhered on the tool edge are found. But the
cutting edge is still sharp enough to continue work-
ing, as shown in Figure 7.

The energy spectrum analysis on the coating area
and spallation area of the rake face is shown in Fig-
ure 8. The TiAIN coating’s Al and Ti are the main
elements in the coating area A of Figure 7, which
proves that the coating remains good. The particles
WC of the cemented carbide are the main element
in the spallation area B of Figure 7, which proves
that the coating is peeled off completely. The adhe-
sive wear appears in the spallation area B as element
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Figure 7 TiAIN coating in medium term of wear stage

Co cannot be detected. Co is removed by the chip
due to the affinity with Fe.

As discussed above, the mechanical load and the
thermal impact result in spallation of the tool’s coat-
ing, and the adhesive wear is easy to occur, which is
regarded as an important condition to cause adhe-
sive wear of the coated tool.

(2) Elements affinity between Fe and Co

Adhesive wear is a phenomenon which occurs when
two materials rub together with sufficient force to
cause the removal of material from the less wear-
resistant surface [27]. The precondition of adhesive
wear is the interaction between the tool and chip
materials. The affinity between the tool and work-
piece materials has a great effect on adhesion, and
the affinity is proportional to the intersolubility of
the tool and chip materials. Through the energy
spectrum analysis, the elements of the workpiece
and chip materials are found in the tool’s material.
Thus, it is considered that the replacement reaction
occurs between the tool and workpiece elements,
thus the substituted solid solution is formed. From
materials science knowledge, the atomic size, elec-
tronegativity and the location of element periodic
table will affect the formation the substituted solid
solution.

The tool used in the experiment mainly consists
of hard phase WC and adhesive phase Co, and the
affinity between the tool and workpiece materials
depends on the content of adhesive phase Co. The
workpiece material 0Cr13Ni4Mo mainly consists
of Fe and Co. There is a certain affinity between Fe
and Co, because the two elements are adjacent to
each other in the periodic table. So they are similar
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in physical properties and easy to form substituted
solid solution, as shown in Table 4.

(3) Grinding effects of workpiece material
In the machining process, the hard martensite in
0Cr13Ni4Mo results in the removal of adhesive
phase Co on the surface. During the removal, the
accumulation effect of dislocation pile-up is aggra-
vated, which makes dislocation energy greater than
cohesive energy between grains. Therefore, the
nucleation of crack is formed. Under the cyclical
load through abrasive particles, cracks nucleated
on the surface of adhesive phase Co will eventually
extend to the subsurface, and form fracture path
between particles WC and micro fracture at last.
The grinding effects make soft adhesive phase Co
drop from the tool and promote the replacement
reaction between Fe and Co, which aggravates the
replacement between tool and workpiece elements.
On the other hand, cracks nucleated on the surface
of adhesive phase Co will eventually extend to the
WC particles. When the chip adhered on the tool
suffers tensile stress in the milling process, the pre-
sent cracks are easy to assist taking away material
on the tool surface by chip.
Figure 8(a) and (b) respectively show the SEM
micrographs of the rake face by magnifying 4000
times and 20000 times after milling. In Figure 9,
gray areas are adhesive phase C, and hoary areas
are particles WC. The original morphology of the
cemented carbide tool has a dense structure with
adhesive phase Co being evenly distributed around
the particles WC. However, from Figure 9, it is seen
that the cemented carbide tool has a loosen texture
and decreased binder. Black hole around the parti-
cles WC is also found. It is concluded that grinding
effects of workpiece material results in the removal
of adhesive phase Co, and pits are formed. Under
cyclical load of the grinding particles, the extended
cracks in WC particles generate a loosen texture
and decreased strength, which produces a condi-
tion for adhesive wear.

3.2.2 Microcosmic Mechanism of Adhesive Wear

The energy spectrum analysis indicating the main chemi-
cal composition and content of each element on the rake
face with adhesive wear is shown in Figure 10. According
to the analysis, a large number of Cr, Fe, Mn and other
elements can be observed in the area of adhesive wear. A
lot of workpiece material elements are considered per-
meating into the tool by comparing with the chemical
composition of stainless steel 0Cr13Ni4Mo in Table 1.
Meanwhile, Co and WC are found in chips by energy
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4.3 5 Tik| Element | Wt% At%
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Energy-keV
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Figure 8 Energy spectrum analysis of coating area and spallation
area

Table 4 Comparison of physical properties of Fe and Co

Element Location Atomic Atomic
in the periodic number diameter

Electronegativity

table d (pm)
Fe Group VIII, 26 248 17
Period four
Co Group VIII, 27 250 18
Period four

13 HV mag O |mode| WD — 1 V111]
06 PM|20.00 kV| 4000 x| SE [11.8 mm label

a x4000

013 | HV

m;g O [mode| WD e— 11 =
58 PM 120.00 kV|20000 x| SE [11.8 mm label

b x20000
Figure 9 Morphology on the tool surface

spectrum analysis, which indicates adhesion and replace-
ment reaction between the tool and workpiece.

From the perspective of thermal stress, the compres-
sive stress in cut-in process and cutting heat generate
adhesion of tool and workpiece with some strength. Then
the tensile stress generates tearing in cut-out process.
As milling is a typical interrupted cutting process, alter-
nate compressive stress and tensile stresses are applied
to the tool. Unsteady temperature field is generated in
the cutting area and thermal stress is also generated due
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Element Wt% At%
CK 06.26 30.35
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Figure 10 Energy spectrum analysis of the rake face with adhesive
wear

to deformation. Under the effects of thermal stress and
mechanical stress, the adhesive phase Co on the tool sur-
face is removed and WC particles drops from the rake
face and pits are formed. The accumulations process will
cause tool failure finally.

Figure 11 shows the adhesive wear process of the rake
face of the tool in milling of 0Cr13Ni4Mo. The record of
high-speed camera shows that chips adhere on the rake
face after several feeding periods. In the initial stage, the
adhered chips distribute along the main cutting edge
and rotate with the tool. Little accumulated chip can
be found. Then large amount of accumulated chips are
found on the rake face after several cut-in and cut-out
process, as shown in Figure 11(a). The rectangle-shaped
chips parallel to the cutting edge overlap together.

With the milling process, the chips along the cut-
ting edge are torn from the rake face by tensile stress, as
shown in Figure 11(b). The rake face and flank of the tool
are both in integrated state. No collapse and depression is
found. The machining process goes on well.

After a period of time of adhesion and tearing, the frac-
ture of tool tip occurs. Material loss and holes on the rake
face are found, as shown in Figure 11(c). However, the
machining can still perform as the main cutting edge is
sharp enough.

Later in the milling process, adhesive wear expands
from tool tip to cutting edge and rake face, which results
in the material loss of cutting edge and rake face. The

Figure 11 Adhesive wear process of the rake face of the tool
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Figure 12 Adhered chip on the tool

Figure 13 Dropped chips from the tool

tool will eventually lose cutting ability, as shown in
Figure 11(d).

Figure 12 shows the adhered chips on the tool. Col-
lected adhered chips in Figure 13 show a mixing of the
tool and workpiece materials. Adhesive wear is the main
reason causing cutting failure of the cemented carbide
tool in high speed milling of 0Cr13Ni4Mo.

3.3 Analysis of Adhesive Wear Process

Figure 11 illustrates the process from the generation of
adhesive chips to losing cutting ability, and the entire
process of adhesive wear can be summarized. Based on
the analysis of microcosmic and macroscopic process,
the adhesive wear process can be divided into four stages
as follows:
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(1) Friction and adhesion
The rake face is subjected to extrusion, shear,
impact and friction in the milling. Then tool coat-
ing is worn gradually with the milling process. The
affinity between Co and the Fe, high cutting force
and high cutting temperature generate solid weld-
ing between the tool surface and micro-bulge on
the workpiece surface. The contact of the rake face
and chip is point-to-point contact. As the adhesion
area is small, the adhesion is easy to drop.

(2) Crack formation and propagation
In the milling process, the strong adhesion of the
tool and chip can be found by the high-speed cam-
era and SEM. The cracks inside adhesive phase Co
and the cracks along the interface between hard
phase WC and adhesive phase Co are formed under
alternate stresses. The cracks continuously grow
with the milling process and extend to the tool
inside in vertical direction and to the tool surface in
horizontal direction.

(3) Adhesive wear
The formed micro-bulges drop due to external
forces, and then the cracks generated by alternate
stresses make local materials removed by adhered
chips, forming pits on the rake face. As the crack
formation and its propagation direction are ran-
dom, adhesive wear is also random. Adhesive wear
is first generated in some local areas and then fluc-
tuant adhesive wear patterns are formed under
reciprocating effects.

(4) Tool failure
Adhesive wear is a cyclic process as follows: adhe-
sion of tool and chip — element diffusion — cracks
formation and propagation— tearing of the
tool — re-adhesion — re-tearing — tool failure.

4 Conclusions

(1) Adhesive wear of the tool is caused by wear of coat-
ing, the affinity of elements Fe and Co, and the
grinding of workpiece materials to the tool material.

(2) The process of adhesive wear includes both micro-
cosmic elements diffusion and macroscopic cyclic
process of adhesion, tearing and fracture, which can
be summarized as four stages: friction and adhe-
sion, crack formation and propagation, adhesive
wear, and tool failure.

(3) The adhesive wear of the tool is determined by the
stress field, temperature field and tool surface wear.
And the dropping of the soft adhesive phase Co is
resulted by the cracks generated in the tool.

(4) The tool strength is decreased by the cracks propa-
gation in hard phase WC and adhesive phase Co.



Liu et al. Chin. J. Mech. Eng. (2018) 31:98

And adhesive wear is easier to occur under high
tensile stress and high temperature gradient.
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