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The bond breakage on the rake face of cemented carbide tools has a significant impact on the life of the tool. Using the finite element method,
a three-dimensional microstructure model is established for the bond breakage of cemented carbide tools and, based on the analysis of the
force conditions in the bond zone, the crack propagation path is investigated at the microscopic scale by varying the cohesive strength of the
cemented carbide and the angle between the crack and the rake face to determine the bond breakage process of the cemented carbide tool
rake face. The results show that in the absence of the initial cracks, the cracks tend to propagate along the vertical load direction and are
deflected due to the increase in the local bonding strength. The angle and location of the cracks and the rake face have a significant influence
on the crack propagation path. The stronger the combined force of the cemented carbide, the greater the tensile strength of the material
is when there are no cracks in the cemented carbide. In contrast, when initial cracks are present, the crack propagation and crack pinning
increase the tensile strength of the material to some extent; however, the increase in the intergranular cracks reduces the overall tensile
strength of the material. It is observed from the experiment that intergranular fractures are mainly responsible for the bond breakage of the
cemented carbide tools and this result is consistent with the simulation results.
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Highlights

*  Athree-dimensional microstructural model of crack propagation in cemented carbide was established.
*  The crack propagation path was investigated at the microscopic scale, which illustrated the process of bond breakage.
. The mechanical conditions of the cemented carbide tool in the bond area, the cohesiveness of the cemented carbide, and

the crack angle on the rake face were investigated.

*  The simulation results illustrated the process of bond breakage.

0 INTRODUCTION

Many researchers have investigated the behaviour
of tool-chip adhesion because the bond breakage
of cemented carbide tools is a common occurrence
during the process of cutting shell material. Sun et
al. [1] studied the bond breakage behaviour of several
cemented carbide tools during the cutting of 2.25Cr-
1Mo steel. It was found that the causes of the tool-chip
adhesion were the strong affinity between the tool and
the workpiece and the inter-diffusion of the tool and
chips under the conditions of high temperature and
pressure, which resulted in the formation of a secure
joint. Cheng et al. [2] investigated tool bond breakage
under extreme overload conditions and the theoretical
criterion of tool-chip adhesion was established using
experiments and simulations, and a criterion for
preventing bond breakage was proposed. Tan et al.
[3] researched the distribution of the thermal force of
a milling tool with a complex 3D groove and laid a
theoretical foundation for analysing the influence of
different grooves on the bond breakage mechanisms
of milling tools.

The bond breakage process of cemented carbide
tools is analysed. During the initial adhesion stage,
the surface asperities of the tool and the workpiece in
the contact area cause friction. Co in the tool matrix
and Fe in the workpiece belong to the same group of
elements, and they have a strong affinity for mutual
diffusion. The hardness of the chips is lower than
that of the tools, and the asperities of the chips and
tool result in bonding in the contact area under high
temperature and high pressure, as shown in Fig. 1.
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Fig. 1. The initial state of tool-chip adhesion

During the early stages of the cutting process, the
type of contact between the tool and chips generally
consist of a point contact because of the small contact
area; the combined force is relatively small, which
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means that the bonding zone is not stable due to the
external force. This results in the exposure of areas
with larger hardness on the rake face; therefore, a
stable bonding zone cannot be formed at this time.
Subsequently, more asperities begin to bond in the
adhesion area, and this increase causes the tool-chip
contact area to extend from the bonding point to
the surface, and the combined force also increases
accordingly. When the shear resistance of the diffusion
joint in the contact area of the two materials exceeds
the shear force produced by the chips passing through
the rake face of the tool, the newly formed bonding
point is not peeled off, as shown in Fig. 2. As the
accumulation continues, a stable tool-chip adhesion
phenomenon occurs; this is shown in Fig. 3.
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Fig. 3. Microstructural diagram of the tool-chip adhesion on the
rake face; a) slight adhesion, and b) severe adhesion

As the cutting continues, due to the continuous
element diffusion at the contact area between the tool
and chip, extrancous elements such as Fe, Cr, and
other elements enter the tool; in addition, the removed
chips contain W, Co, and other elements. This changes

the composition and content of the rake face, and the
generation of microcracks under high temperature and
high pressure will result in the change in the material
strength of the rake face. When the combined force of
the chip and the bond area is greater than the internal
force of the tool, the material of the rake face will
be removed in the form of chips and bond breakage
occurs, as shown in Fig. 4.

Fig. 4. The adhesion layer is removed in the form of chips;
a) forces of the cutting tool in the cutting process, and
b) schematic diagram of the formation of tool-chip adhesion

The surface topography of the pits on the
cemented carbide tool after bond breakage is observed
using a super-depth field emission scanning electron
microscope (SEM), as shown in Fig. 5. It is found that
the bond breakage has the following characteristics:
(1) the area of the bond breakage on the rake face is
relatively small. (2) Cracks have formed on the rake
face. (3) The surface of the WC particles is intact after
the adhesion layer is stripped. These characteristics of
the bond breakage and the production of micro defects
(such as holes, hot cracks, etc.) on the rake face of
the cemented carbide tool occurring during cutting
observed at the microscale provide information on
the crack propagation path on the rake face of the
cemented carbide tool and link the microstructure
and macroscopic properties. This information is of
great significance to determine the reason for the bond
breakage and to improve the service life of the tool.

Many researchers have carried out experimental
research on the crack propagation path of cemented
carbide tools. Gurland [4] conducted a statistical
analysis of the number of WC particles, the WC-WC
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boundary, and the WC-Co boundary in the fracture
paths of cemented carbide tools; the results showed
that the fractures occurred mostly in the WC particles
and at the WC-WC boundary. The Mitsubishi Metals
Company in Japan observed the crack propagation
paths in a cemented carbide tool during a tensile
experiment using a SEM; the researchers found that
the cracks all occurred at the boundary of the WC-Co
and WC-WC and no transgranular fractures occurred.
Therefore, the intergranular fracture theory of
cemented carbide crack propagation was put forward.
The Toshiba Corporation in Japan studied WC-Co
fracture morphology, and the fracture behaviour was
categorized into three cases: (1) When the grain size
of WC was larger than 5 um, and the Co content was
less than 15 %, shearing of the WC grains occurred.
(2) When the grain size of WC was less than 2 um, and
the Co content was less than 7 %, the cracks passed
through the WC or WC-Co interface. (3) When the
size of the WC particles in the cemented carbide was
smaller than 4 um and the Co content was larger than
20 %, the crack passed through the Co phase [5]. Sigl
and Exner [6] partitioned the crack propagation paths
of WC-Co cemented carbide into four categories,
including crack propagation through the Co binder
phase, along the WC-Co interface, along the WC-
WC interface, and through WC particles. It was also
determined that the path along the WC-Co interface
did not occur exactly on the WC-Co interface but
in the Co binder phase, which was very close to the
WC-Co interface and parallel to the interface area;
the expansion path along the WC-Co interface had
smaller dimples than the path through the Co binder
phase.

Fig. 5. Bond breakage of the tool

In terms of the research on the cemented carbide
simulation: Ljungberg et al. [7] conducted simulations
of crack propagation in cemented carbide tools and
observed the microstructure using a SEM. The authors
established a finite element model and an analysis of
the relationship between the maximum plastic zone
size of the cemented carbide tip and the mean free path

of the cohesive phase and proved that the carbide grain
boundaries did not cause changes in the size of the
plastic zone. Fischmeister et al. [8] conducted a study
on the plastic deformation of the cohesive phase at the
crack tip of the cemented carbide tool and analysed
the crack propagation behaviour of the cemented
carbide by using the finite element simulation
method. The results showed that the void nucleation
and growth in the area where the WC phase changed
into the Co phase destroyed the reinforcement effect
of the plastic zone; the formation and penetration of
the void led to crack growth, which resulted in the
tear of the perforated plates. Honle [9] studied the
energy consumption and driving force of the crack
propagation of cemented carbide using different
amounts of Co content and Co inclusions; the results
showed that the crack growth occurred at the position
of high Co content and Co inclusions with an acute
angle. In addition, the influence of the Co inclusion
on the energy consumption of the crack propagation
was low. Connolly and Mchugh [10] simulated the
crack propagation of cemented carbide by using the
Gurson model; the results showed that the number of
Co layers in the crack propagation path had a large
influence on the fracture toughness. Mchugh and
Connolly [11] used a numerical simulation to study
the ductile failure of the Co binder phase in WC-Co
cemented carbide and analysed the crack propagation
of cemented carbide under an I-type load. Kim [12]
conducted two-dimensional parameterized modelling
of cemented carbide; the parameters included the
particle size, Co volume fraction, and adjacency. A
two-dimensional finite element simulation model of
the stress-strain field of the material was developed for
predicting the brittle fracture strength of the cemented
carbide. Kim et al. [13] used a two-dimensional finite
element model to predict the stress-strain distribution
and fracture strength of WC-Co composites with
a carbide size ranging from 1.4 pm to 5.3 pm and a
carbide volume fraction of 0.7 to 0.9. Park [14] used
a Boolean algorithm to measure the micro parameters
of cemented carbide particles in microscopic images,
established a microstructure model of carbide-coated
tools by using the obtained structural parameters
and analysed the cutting life of the coated cemented
carbide tools. Sadowski and Nowicki [15] analysed
the elastic-plastic response of cemented carbide and
studied the effects of particle size and particle number
on the material anisotropy using the finite element
method; a microstructure simulation of the cemented
carbide based on the microstructure observed in the
SEM images was conducted. The results showed
that the cemented carbide exhibited less anisotropic
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elasticity. Carlsson [16] generated three-dimensional
WC grains using the Voronoi method and inserted
the Co binder phase between the WC-WC particles
to establish a three-dimensional model suitable for
modelling the microstructure of the WC-Co cemented
carbide; this was used to simulate the yield stress of
the material. Park et al. [17] conducted an orthogonal
cutting simulation based on the microstructure model
of WC-Co cemented carbide to obtain the equivalent
stress, strain, and strain energy. A comparison of the
predicted and experimental tool failure based on a
mixed fracture criterion indicated that the predicted
results were in agreement with the experimental
results and that the model was suitable for
determining the effects of the micro parameters and
feed rate on the tool failure. Park et al. [18] established
a microstructure prediction model of WC-Co tool
failure, validated the results using a turning test, and
studied the influence of the microstructure parameters
and feed rate on the tool failure using a finite element
analysis.

In conclusion, current research on the failure
of cemented carbide tools is mainly based on
experiments, supplemented by computer simulations.
Because of the rigorous experimental conditions, the
limitations of the existing experimental equipment,
and the high complexity of the research objects, it
is difficult to advance the findings. In contrast, the
development of computer simulation technology
has provided the possibility to explore details at the
microscopic level; thus, the breakage caused by
the macro-mechanical properties of the tool can be
observed at the microscale. This lays the foundation
for determining the nature of the bond breakage of the
tool. In this study, a three-dimensional microstructure
model of the cemented carbide is developed, and the
bond breakage of the cemented carbide is simulated in
conjunction with the changes in the rake face during
the bonding process. The results provide theoretical
support for determining the mechanisms of bond
breakage.

1 THREE-DIMENSIONAL MICROSTRUCTURAL MODELING
OF CRACK PROPAGATION

In this study, we establish a microstructure model
of the cemented carbide based on the YT5 tool; the
main components of the tool are shown in Table 1.
Microstructure observations of the YT5 tool during
adhesion are conducted using a SEM, and the
measurements of the microstructure parameters are
obtained. The theory of stereology is used to establish
a microstructure model of the cemented carbide.

Stereology is based on the concept that the area
ratio of a component in a two-dimensional image is
related to the volume ratio of the component in three-
dimensional space.

Table 1. Main components of the carbide tool YT5

components TiC WC Co
content [wt%] 5 85 10

1.1 Determination of Microstructure Parameters

To establish a three-dimensional microstructure
model of the cemented carbide, the TiC particles are
considered to have the same material properties as WC
particles. Therefore, a corresponding simplification is
made here, that is, the TiC particles are considered as
WC particles to study the model crack propagation.
Then Image J software is used to analyse the SEM
images of the rake face of the carbide (Fig. 6). The
microstructure parameters are calculated to obtain
the mean grain size, the volume fraction of each
component, and the grain adjacency of the carbide
tool rake face.

Fig. 6. The tool during adhesion

The analysis steps are as follows:
(1) Calculation of the volume fraction of each phase

Because the cemented carbide is opaque, one
cannot directly observe the composition and the
three-dimensional spatial distribution of the phases,
and they can only be estimated by observing the two-
dimensional microstructure images of the cemented
carbide. The two-dimensional microstructure is shown
in Fig. 7.

The basic equation of volumetric stereology is
shown in Eq. (1):

V,=4,, 1)

where V} is the volume ratio of the measured tissue
in the three-dimensional space and 4, is the area ratio
of the measured tissue in the two-dimensional image.
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Fig. 7. The two-dimensional microstructure image of the YT5 tool

According to the stereology theory, the volume
fraction of each phase in the cemented carbide
can be determined by the area of the phase in the
cross-section, the percentage of the cross-sections,
or the number of observation points. To obtain a
relatively accurate area ratio of each phase in the
two-dimensional image, the volume fraction of each
phase in the cemented carbide was measured using
the Image J software and the area method. The image
of the microstructure of the YTS5 tool is binarized and
denoised. In the binary image, the grayscale values
range from 0 to 255, where 0 represents black, and
255 represents white. The measurements of the Co
and WC phase volume fraction using the grayscale
image is shown in Fig. 8. The measurements do not
include the volume fraction of the impurities and
pores in the cemented carbide, and it is assumed that
the cemented carbide contains only WC, TiC, and Co
phases. The volume fraction of the WC, Co and TiC
phases in the cemented carbide tool can be obtained
from the measured average grayscale values.

P L
e S

NS4 20 V% it A

Area Mean Min Max
Co 901120  33.784 0 255

Area Mean Min Max
WC 901120 172.368 0 255

Fig. 8. Co and WC phase volume fractions measurements
of the YT5 tool; a) Co, and b) WC

(2) Calculation of the average grain size of WC and

TiC

The microstructure image of the YTS tool is also
used to measure the average grain size, as shown in
Fig. 9. Because the difference between the WC and
TiC grain size is not easy to determine, the average
grain size of the two phases is obtained and used as
the overall grain size assuming that the grain size
is the same for WC and TiC. The grains of the two
phases are separated and calibrated using the Image
J software, and the area and perimeter of the average
grain size of WC and TiC are determined, ignoring the
small-size grains. The circular diameter and the shape
factor of the grains are calculated based on the area
and the circumference. The calculations are shown in
Egs. (2) and (3):

Equivalent circle diameter:

d=2x\/z, ©)
T

grain shape factor:

g 4;214

) 3)

where A is the area occupied by the grains and L is
the grain perimeter.

Label Area Perim

1 STiCbmp  1.767  5.653

2 STiC.bmp  2.866  7.077

3 STiC.bmp 5838  12.200

4 STiCbmp 1472 5523

5 STiC.bmp  1.081 4.726

6 STiCbmp  1.056  3.976

7 STiCbmp 1120  4.418

8 STiC.bmp  1.011 6.732

9 STiC.bmp  3.541 8.213
Slice Count Total Area  Average Size %Area Perim
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Fig. 9. WC and TiC phase area and circumference
measurements of the YT5 tool; a) WC, and b) TiC
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(3) Calculation of grain adjacency

It is assumed that the grains of WC and TiC have
the same average size and shape. The adjacency of the
grains is calculated, and it is assumed that there are
only two phases in the tool material; the first is the
a phase and includes WC and TiC and the second is
the b phase, and it includes only Co. The adjacency is
calculated using Eq. (4) [20]:

L )
€T 2> I, +22_I_L§b ’ )

where L,, is the phase boundary length between the
grains of phase a and phase a in the two-dimensional
image; L,y is the phase boundary length of phase a and
b in the two-dimensional image.

The Co phase was binarized using Image J
software for the perimeter measurements, as shown in
Fig. 10; the small areas are ignored, and the sum of

the perimeters ‘Zngb is calculated. Similarly, the
sum of the grain perimeters of WC and TiC

2) L, + 2ZjL£b is calculated. Then, the adjacency
is calculated using Eq.(4).

o PR LR Sl A Label Area__ Perim
Aem g et ot e 1| Cobmp | 0322 | 3245
- = . e ‘
-a 8 S . .- 2| cobmp | 0178 | 2229
- - Ll i
x, & =y ¢ 3| Cobm 0677 | 5.579
L ‘.\‘a_. - h_{" p
L oft SRR 4| Cobmp | 0.119 | 2.164
o’ . _l .. . . 5| Cobmp | 0616 | 6.157
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s taw 2 ol . ’
N e TRt “vugp ¥ o, 7| Cobmp [ 0200 | 3276
:.' : \ -’ W -'_. 8| Cobmp | 0662 | 7.183
e St woyt & 9| Cobmp 0.152 | 1.888
Slice Count Total Area  Average Size %Area Perim
Co.bmp 93 34.462 0.371 5.409 3.610

Fig. 10. Co-phase area and circumference
measurements of the YT5 tool

The YTS tool material parameters that were
obtained using these equations are shown in Table 2.

Table 2. Main components of the YT5 cemented carbide tool

Components TiC WC Co
Volume fraction 19.15 67.60 13.25
Content [wt%] 7.43 83.41 9.16
Average grain size [um] 1.41

Adjacency 0.74

According to the material parameters of tool YT5
in Table2, the three-dimensional microstructure model
of cemented carbide is established in ABAQUS. The
modelling process is shown in the following Fig. 11.

Average particle size

|
| MATLAB program I—»\ Control the grain size
|
|

- : g I
[Generating location file of grains | |

Python programming

[Volume fraction of each phase|

i Control the volume
each phase
Generating inp file |

I
: |
| I
| [Establishing ABAQUS modeling| :—— fraction and contiguity of
|
I
|

[Co-phase selection unit for adjacency control |

|
________________ |
Fig. 11. Flow-chart for establishing the three dimensional micro
model of the cemented carbide

In the simulation, a model size of 3 pm x 3 um
x 3 um was used. To simulate the crack formation, a
layer of cohesive elements was placed between the
contact surfaces of the two consecutive (bulk) parts.
Each phase unit consists of C3D4 elements, and
the cohesive unit consists of COH3D6 elements, as
shown in Fig. 12. The model of the crack propagation
on the cemented carbide is established by inserting the
cohesive unit, as shown in Fig. 13.

P

Fig. 12. ABAQUS modelling process; a) create a particle frame, b)
build particle surface and body, c) insert the Co phase, and
d) micro model of cemented carbide tool rake face

1.2 Constitutive Model of Cohesive Unit

The cohesive unit in ABAQUS uses the traction-
separation law as the constitutive model [21],
including the damage initiation criteria and damage
evolution settings. The maximum stress (7},,) and
fracture energy (Grc) are chosen here as the fracture
criteria because the material is a brittle material,
as shown in Fig. 14. Before damage occurs to the
cohesive unit, the unit is in the elastic stage, and the
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Fig. 13. Particles and integral models embedded in cohesive
units; a) particles and its cohesive units, and
b) integral models and their cohesive units

T,
Tmax |— — —

|

|

|

: Gre

|

| > On

0 & initial & fail

Fig. 14. Typical traction-separation response

elastic modulus at this stage is called the penalty
stiffness (K,,). When the unit is subjected to tension,
the two separate surfaces of the unit exhibit relative
displacement, leading to the continuous increase in the
internal stress. When the set maximum stress (7},,) 1S
reached, the cohesive unit begins to enter the damage
stage, and the unit’s stiffness starts to degrade. The
stiffness of the cohesive unit in the degradation stage
is quantified by ABAQUS and a damage degradation
coefficient D is introduced. D=0 indicates that the
unit has not been damaged yet and D=1 means that
the unit’s stiffness has reached zero, i.e., the unit fails,
and the crack propagates. ABAQUS provides three
types of stiffness degeneration: linear, exponential,
and tabular; the linear stiffness degeneration is chosen
here. From the bilinear criteria shown in Fig. 14, The
calculations of Gy¢ and K|, are shown in Egs. (5) and
(6):
T, '5fai1

GTC :%, (5)

K =&’ (6)

n
initial

where ;a1 1S the displacement of the unit at the
beginning of the damage stage; dy,; is the displacement
of the unit at complete failure; Gpc is the energy
required during the failure process.

ABAQUS controls the damage and fracture
behaviour of the cohesive unit by setting the three
parameters of K, T and Gpc. Because of the
characteristics of the parameters in the cohesive unit,
it is difficult to obtain the accurate values of these
parameters using the experimental method,; this is one
of the main factors restricting the development of the
cohesive unit. Gren established a molecular dynamics
model of WC particles and analysed the binding
energy of two adjacent WC particles and the binding
energy when Co was present; the results showed that
the binding energy of two particles was smaller in the
presence of Co. The parameters of the cohesive unit
used in this study are based on the studies of Gren, in
which the internal binding energy of the grains was
5.76 J/m2, the binding energy at the grain boundary
was 3.2 J/m2, and the binding energy of the particles
including Co was 2.7 J/m2 [22]. The maximum tensile
stress of the cohesive unit is 7,,,,, which is generally
assumed to be part of Young’s modulus of the
material. Typically, the value of 7,,,, ranges from 0.1
% to 1 % of Young’s modulus [23] and [24]. In this
study, a value of 7}, = 0.002xE is chosen. The values
of Young’s modulus of the phases corresponding to
the T« values of the different phase are obtained
from [25], and the specific parameters are shown in
Table 3. K|, is the penalty stiffness of the cohesive unit
and differs from the inherent elastic modulus of the
material. To ensure that the embedded cohesive unit
does not affect the overall model stiffness, K, needs to
be sufficiently large, but when the value is too large, it
affects the computational efficiency of the model. The
value of K|, is usually calculated by the ratio of 0;,;a
and Jy,;;, which is 0.001 in this study based on Egs. (5)
and (6).

Table 3. The values of Young’s modulus of the phases
corresponding to the Tmax values

Phase WC Co
Young’s Modulus [GPa] 696 211

1.3 Boundary Condition

During the cutting process, the contact area of the
chips and tool is divided into a close contact area and
a peak contact area; the stress state of the tool material
in these two regions is not the same because of the
adhesion effect. In the close contact area, the wear

732 Chen, J. - Zheng, M. - Sun, Y. - Zhang, W. - Li, P.



Strojniski vestnik - Journal of Mechanical Engineering 64(2018)12, 726-742

of the rake face occurs mainly during the continuous
cutting process, whereas in the intermittent cutting
process, the chips remain on the rake face due to the
adhesion effect in this region when the tool is cutting.
The material in this area of the tool is subject to the
shear force resulting from friction with the chips. In
the peak contact area, the chips are about to separate
from the rake face due to upward curling and the tool
material in this area is mainly subject to the tensile
force that is perpendicular to the rake face as a result
of the chip swing and the tool-chip adhesion.

1.3.1 Reasons for the Removal of the Rake Face Material
by the Chips

(1) Since Fe and Co belong to the same family
of elements, the tool and chips form a firm
connection in the molten state of the workpiece
material on the rake face;

(2) Because of the effects of high temperature and
high pressure, element diffusion occurs between
the tool and the workpiece material and changes
the composition of the tool material; this results
in the decrease in the rake face strength.

(3) The hard phase of the rake face is broken due to
the impact load on the rake face. Coupled with
the high temperature of the chips, microcracks
occur in the surface and sub-surface layer of the
rake face, resulting in the decrease in the tool
strength.

1.3.2 Location of the Adhesion Failure on the Rake Face

(1) The location of the adhesion failure is in the close
contact area between the chip and rake face and
the contact area is subject to high temperature
and pressure. During intermittent cutting, a strong
connection between the tool and chips occurs
readily, and the material of the rake face is rapidly
removed by the chips as a result of frequent
cutting in and cutting out.

(2) The location of the adhesion failure is in the
contact area where the chips leave the rake face.
Because of chip curling and frequent oscillation of
the chips during curling, the material of the rake
face in this region is subject to the periodic tensile
stress of the chips, coupled with temperature
changes during the swing process. Tool failure
or breakage can easily occur because cemented
carbide tools are resistant to compression but
cannot bear the tension.

1.3.3 Force Analysis of Tool-Chip Adhesion

(1) Removal of material in the close contact area

As shown in Fig. 15, the material of the rake
face is peeled off from the close contact area and is
subject to F; in the same direction as the chip flow
and the normal positive pressure F, of the material
(the resultant force of the positive pressure during
the cutting process and the positive pressure of the
material inside the tool; when the positive pressure
in the internal material of the tool is larger than that
during the cutting process, the peeling of the material
occurs). F' is the resultant force in this area. Because
of the large compressive stress applied to the peeled
area, the friction force is relatively large. During
the intermittent cutting process, the temperature
difference solidifies the joints between the tool and
chips, thereby increasing the friction. The external
force at this site is only the friction force F; between
the chip and the rake face; the direction of this force
is parallel to the rake face, and the material of the rake
face is easily removed.

Fig. 15. Force analysis of tool-chip adhesion
in the close contact area

(2) Removal of material in the area where the chips

are about to separate from the rake face

As shown in Fig. 16, when the chip material is
about to leave the rake face, the peeled area is subject
to the frictional force of the chips F; and the tensile
force F. Because the chip material on the rake face
has a small positive pressure and the frictional force
of the chips is much smaller in the peeled area than
in the close contact area, a firm connection is formed
between the tool and the chip material due to adhesion.
The chip material generates a greater tensile force on
the peeled area during the periodic swings; therefore,
when the two external forces are combined, the
direction of the force is almost perpendicular to the
rake face, and the rake face material is easily removed
due to the influence of the periodic tensile stress.
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Based on the results of the force analysis of the
adhesion layer on the rake face, two kinds of force
models are used in this study. The first model is
created based on the force of the adhesion layer in
the close contact area, and the shear force parallel to
the rake face is applied to the rake face, as shown in
Fig. 17a; the direction of tangential displacement is
forward along the Y-axis. The second model is created
based on the adhesion layer of the future separation
area between the rake face and the chip, and the tensile
load is applied to the rake face, as shown in Fig. 17b;
the direction of tension displacement is negative along
the X-axis (red is the X-axis, green is the Y-axis, and
blue is the Z-axis).

Swing direction

Workpiece

Fig. 16. Force analysis of the adhesion layer when the chips are
removed from the rake face; a) schematic diagram of bond failure
on the rake face during the cutting process, and b) the force
condition of the cutting tool during the cutting process
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Fig. 17. Boundary condition settings;
a) tangential displacement, and b) tensile displacement

2 SIMULATION RESULTS OF THE CRACK PROPAGATION

During the generation of the adhesion layer, the
diffusion of the elements between the tool and the
chip material affects the bonding strength between
the constituent phases of the tool. Surface cracks also
occur in the tool due to the thermal effect and affect
the bond breakage behaviour of the tool. Therefore,
the effects of the bonding strength of the different
phases and the presence of initial cracks on the crack
propagation are investigated.

2.1 Crack Propagation Based on Cohesion

The diffusion behaviour between the tool and chips
affects the cohesive strength of the tool material,
which influences the crack propagation path. Thus,
the cohesive strength at the interface reflects the effect
of the element diffusion on the crack propagation of
the cemented carbide. It is generally assumed that the
cohesive strength is lower than the grain strength. In
this study, the cohesive strength is set to four levels
that are 0.7, 0.8, 0.9, and 1.0 times the original
cohesive strength. The grain fracture energy Gpc of
the transgranular fracture can be expressed as [26]:

Grc=7s @)

where y; is the surface energy of the matrix grain per
unit area [J/m2].

When the Co structure is close-packed hexagonal
(hep), y, is 2.55 J/m2 [27]. In the cemented carbide,
the Co structure is face-centred cubic (fcc), which
has better plasticity than the hep structure; therefore,
the Co fracture energy setting is 1/3 larger than the
reference value (6.8 J/m2?). This provides a more
realistic model. The specific parameters are shown in
Table. 4.

The simulation results under different cohesive
strength are shown in Fig. 18. The simulation
diagram indicates that the crack propagation paths
extend along the WC-Co interface and the WC-WC
interface under the four types of cohesive strength.
When the cohesive strength is 0.7 times and 0.8
times the cohesive strength of the particles, the crack
propagation path, which extends along the bonding
surface with a relatively weak cohesive strength, is
basically the same and the crack propagation surface
is perpendicular to the load direction. When the
cohesive strength is 0.9 times the cohesive strength of
the particles, the crack propagation path is deflected
around the stronger bonding surface due to the
increase in the cohesive strength between the local
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particles. When the cohesive strength is 1.0 times the
cohesive strength of the particles, the edges of the
local particles are fragmented due to the local increase
in the cohesive strength between the particles.

Table 4. Parameters of the cohesive strength

Type Fracture Maximum Penalty
of energy stress stiffness
conesive 01208 Gre Tnax K,

units [J/m?] [GPa] [GPa/m]

5.76 1.39 1.68x1011

07 6.8 0.42 1.30x1010

3.2 0.97 1.47x1011

2.7 0.29 1.56x1010

5.76 1.39 1.68x1011

6.8 0.42 1.30x1010

wC 08 3.2 1.112 1.93x1011

wg-t\)/vc 27 0.336 2.09%1010

WC-Co 5.76 1.39 1.68x1011

0.9 6.8 0.42 1.30%x1010

3.2 1.251 2.45%1011

2.7 0.378 2.65x1010

5.76 1.39 1.68x1011

10 6.8 0.42 1.30%1010

3.2 1.39 3.02x1011

2.7 0.42 3.27x1010
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Fig. 18. Crack propagation path within the unit cells under tensile
displacement for different cohesive strength; a) 0.7 times,
b) 0.8 times, ¢) 0.9 times, and d) 1.0 times

The crack propagation through the WC particles
does not occur during the simulation process, and
the initial crack is enlarged as shown in Fig. 19. The
cracks initiate from the WC-Co interface and extend
to the WC-WC interface in the tensile state. When the
WC-WC interface strength is equal to or slightly less
than the particle strength, the direction of the crack

propagation is locally deflected; however, due to the
occurrence of multiple cracks, the crack still expands
and bridges along the relatively weak interface of the
cohesive strength, eventually resulting in a fracture.

a)

Crack deflection

Crack initiation

Crack pinning

Fig. 19. Crack initiation and propagation;
a) crack initiation, and b) crack propagation

2.2 Crack Propagation in the Absence of an Initial Crack

The simulation model is used in the ABAQUS
display solver for analysis and calculation. The crack
propagation paths of the model under different modes
of loading are shown in Figs. 20 and 21. The crack
propagation under a friction load imposed by applying
a tangential displacement to the cemented carbide rake
face is shown in Fig. 20, and the crack propagation
under tensile displacement is shown in Fig. 21. The
stress unit in Figs. 20 and 21 is 103 GPa.

According to Griffith’s crack propagation theory
[28], the crack initiation usually occurs in a material
with internal defects or weak internal strength and
cracks always propagate along the direction of highest
energy dissipation. As can be seen from Figs. 20 and
21, the process of crack initiation is well simulated
by the model. The crack initiation sites in the model
are located at the WC-Co grain boundary where the
cemented carbide is weakly bonded, and the crack
propagation path is along the two-phase interface.
The crack surface is perpendicular to the applied load
direction, which is consistent with the results obtained
by previous research [5]. At the same time, the
changes in the stress during the crack propagation can
be observed, and the maximum stress increases with
the crack growth due to the extrusion deformation of
the local grid. In the model without the presence of
cracks, the stress distribution is not uniform under a
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Fig. 20. Crack propagation under the effect of a tangential displacement;
a) initial state, b) crack initiation, c) crack propagation, and d) final fracture
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Fig. 21. Crack propagation under the effect of a tensile displacement;
a) initial state, b) crack initiation, c) crack propagation, and d) final fracture

load, and the stress in the binder phase is generally
lower. In contrast, in the model where cracks are
present, the stress distribution tends to be uniform in
most regions of the model, except for the part of the
grid with the highest stress due to over-deformation.

2.3 Crack Propagation in the Presence of Initial Cracks
The rake face of the carbide tool is prone to cracking

under the conditions of high temperature and high
pressure, and the cracks on the tool rake face may

occur in the WC particles, the WC-WC bonding
surface, and the WC-Co bonding surface. A simulation
is conducted to systematically investigate the effect of
the crack location on the crack propagation path in
the cemented carbide. We focus on the adhesive layer
produced by the rake face during the cutting process of
the carbide tool and the peeling of the adhesive layer
during the chip removal is simulated and analysed.
Subsequently, cracks are added to the model, and the
simulation study is conducted for two different crack
locations.
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2.3.1 Single Crack
2.3.1.1 Crack Location in the WC Particles

(1) The position, angle, and load direction of the
prefabricated crack are shown in Fig. 22. The crack
is located in the WC particles, and the length is about
half the average size of the WC particles. Three cases
of crack directions are investigated. In the first case,
the crack surface is parallel to the rake face; in the
second case, the crack plane is 45° to the rake face;
in the third case, the crack surface is perpendicular
to the rake face. The results of the crack propagation
for the three cases are shown in Fig. 23. It is evident
that the crack propagation process is similar when the
prefabricated crack plane forms an angle of 0° and
45° with the rake face. The crack first expands from
the WC-Co interface and the prefabricated cracks

load direction

load direction

and then forms multiple cracks; subsequently, the
cracks join and eventually create fractures, which
are transgranular and intergranular fractures. When
the prefabricated crack plane is perpendicular to the
rake face, the prefabricated crack has little effect on
the crack propagation path and the crack propagates
from the WC-Co interface and the WC-WC interface
without passing through the WC particles.

(2) As shown in Fig. 24, a tangential load is
applied in the model of the prefabricated crack. It
can be seen from Fig. 25 that the crack propagation
path is more sensitive to the 0° and 45° cracks and
the propagation path of the crack passes through the
two kinds of prefabricated cracks, whereas for the 90°
crack, the prefabricated crack has little effect on the
crack propagation path.

By comparing Fig. 25 and Fig. 20, Fig. 23 and
Fig. 21 respectively, it turns out that when there

load direction

A

Fig. 22. Location of the crack angle in the WC particles and model load under a tensile displacement

c)

Fig. 23. Crack propagation under a tensile displacement: a) 0° crack, b) 45 ° crack, and c) 90° crack
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load direction

load direction

load direction

Fig. 24. Location of the crack angle in the WC particles and model load under a tangential displacement

is a crack in the WC particles in the adhesive layer
of the carbide tool rake face, the adhesive layer is
peeled off under the combined action of friction and
the tool-chip force. The direction of the initial crack
has a significant influence on the crack propagation
path, which in turn affects the peeling volume of the
adhesive layer, i.e., the larger the peeling volume, the
faster the tool failure rate is and the shorter the tool
life is due to the bond breakage. The analysis of the
simulation results shows that the initial crack surface
that is parallel to the rake face or at an angle of 45°
to the rake face has a greater impact on the crack
propagation path, whereas the initial crack that is
perpendicular to the rake face has less of an effect on
the crack propagation path.

Fig. 25. Crack propagation under a tangential displacement: a) 0° crack, b) 45° crack, and c) 90 ° crack

2.3.1.2 Crack Location at the WC-Co and WC-WC Interfaces

As shown in Fig. 26, a uniaxial tensile load was
applied to the model. The cracks are distributed
at the WC-Co and WC-WC interfaces and mainly
propagated along the grain boundaries. Fig. 26 shows

Fig. 26. Original crack propagation path
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the original crack propagation path. The intergrain
cracks change the original crack propagation path,
which can be seen from a comparison of Figs. 26 and
27.

2.3.2 Multiple Cracks

To further investigate the crack propagation paths,
a number of prefabricated cracks are applied in the
model to simulate the crack propagation for multiple
cracks; Fig. 28 shows that 0°, 45°, and 90° cracks are
applied in the model. A uniaxial tensile load is applied,
and the simulation results are shown in Fig. 29.

[J 0° Crack
A 45° Crack
O 90° Crack

Sectional view

Fig. 27. Crack propagation paths of prefabricated cracks

The simulation results indicate that the crack
propagation process is a self-expansion process of
a single crack and the interconnection between the
cracks. It can be seen from the fracture surface of the
model that the crack propagation paths of multiple
cracks pass through many prefabricated cracks.
Although the crack perpendicular to the rake face is
prefabricated in the WC particles, the crack still does
not extend through the WC particles. For multiple
cracks, the crack propagation path mainly passes
through the prefabricated cracks at the WC-Co and
WC-WC boundaries and due to the pinning action
of the local particles, the cracks join, and the fracture
occurs by bypassing the position with a higher bonding
strength, resulting in the peeling of the adhesive layer.

A crack represents a form of energy release. When
the energy inside the system accumulates to a certain
extent and cannot be released, cracks reduce the
energy and balance the system. The direction of crack
propagation is in the direction of the highest energy
dissipation. For uniform materials under a tensile
load, the cracks tend to expand along the direction
perpendicular to the load, whereas for composite
materials, the crack propagation path is deflected and
bypasses areas of higher bonding strength due to the
local non-uniformity of the material; therefore, the
energy is released more quickly.

Fig. 29. Simulation results of multiple initial cracks; a) crack propagation process, and b) the fracture surface at different view angles
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2.4 Effect of Crack on Tensile Strength

As shown in Fig. 30, the tensile strength of the model
under different cohesive strength values is analysed.
The tensile strength of the model varies greatly for
different cohesion values, and the tensile strength
increases with the increase in the cohesive strength
of the cemented carbide. Therefore, increasing the
combined force of the two phases helps to increase the
strength of the cemented carbide.

0.008 —0.7 times

0.007 ——0.8 times

0.006¢ —0.9 times
Z. 0.005- — 1.0 times
'§ 0.004 - 1
~ 0.003"

0.002+
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0 001 002 003 004 005
Displacement [pum]

Fig. 30. Load-displacement curves of the unit cell under tensile
load for different cohesive strength values
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Fig. 31. Load-displacement curves of the unit cell under tensile
load for different initial cracks

As shown in Fig. 31, the tensile strength in the
presence of cracks is analysed in the model, and the
maximum tensile load at the same position is obtained
under different crack conditions. The differences in
the tensile loads are small due to the small extent of
the model. An analysis of the maximum tensile load
shows that the presence of single cracks does not
always reduce the tensile strength of the cemented
carbide. Due to the stronger cohesive strength, the
energy required for crack propagation is higher when
the crack is in the interior of the particle and the local
plastic zone at the tip of the crack has a pinning effect
on the crack propagation. As a result, the tensile
strength is increased and the maximum tensile load
exhibits an overall increase. Due to the difference

in the tensile and shear strengths of the particles,
the tensile strength shows some differences for the
different crack angles. Under normal circumstances,
the probability of crack occurrence within the WC
particles is small; therefore, this condition has a
minimal effect on the tensile strength of the material
and can be ignored. When multiple cracks exist
initially, the cracks appear at the WC-Co and WC-WC
boundaries, and the increase in the number of these
cracks reduces the tensile strength of the cemented
carbide, which makes the material more prone to
fracturing under a tensile load.

3 EXPERIMENTAL

A SEM is used to observe the bond breakage of the
tool and the surface morphology of the pits on the
tool’s rake face after the adhesive layer is peeled off;
the results are shown in Fig. 32. It is evident that the
surface of the WC particles in the tool is relatively
intact and some of the particles are exposed; this
shows that the form of adhesive layer peeling consists
mainly of an intergranular fracture. This indicates that
the experimental results are similar to the simulation
result.

The location and the proportion of sub-surface
cracks or holes in the carbide cutting tool face can be
observed to determine the crack propagation path of
the adhesive layer and roughly estimate the volume of
the peeled-off material and the service life of the tool.
This provides data for follow-up research.

Fig. 32. Surface morphology
after the peeling-off of the adhesion layer

4 CONCLUSIONS

Based on the simulation results and the tool-chip
adhesion process, the following conclusions can be
drawn:

(1) For different cohesive strength values, the cracks
are deflected by the increase in the combined
force of the local particles. In the absence of
an initial crack, the inner crack of the carbide
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propagates along the bond plane of the WC-Co,
and the crack propagation plane is generally
perpendicular to the load direction.

The bond breakage of the cemented carbide tool’s
rake face occurs in conjunction with the crack
occurrence. For a single crack, the initial crack
surface parallel to the rake face or at an angle of
45° to the rake face has a large effect on the crack
propagation path for the three types of initial
cracks in the WC particles. When the initial crack
is perpendicular to the rake face, there is only a
small effect on the crack propagation path. For
the cracks that are located in the WC-Co and WC-
WC interfaces, the initial crack mainly changes
the original crack propagation path.

When multiple cracks are present initially, the
crack propagation path mainly passes through
the prefabricated cracks and the WC-Co and
WC-WC boundaries. Due to the pinning effect
of the local particles, the cracks join and bypass
the areas of high bonding strength to eventually
produce a fracture, resulting in the peeling of the
adhesion layer. The experimental results show
that the particle surface is relatively intact after
the cemented carbide is damaged, which indicates
that an intergranular fracture occurred. This is
consistent with the simulation results

In the absence of cracks, the stronger the cohesive
strength of the carbide, the greater the tensile
strength of the material is. When there is a crack
in the cemented carbide, the crack propagation
and crack pinning increases the tensile strength of
the material to some extent; however, the increase
in the number of intergranular cracks reduces the
overall tensile strength of the material, which
makes the material more prone to fracture.
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6 NOMENCLATURES

area ratio, [-]

area, [um?]

grain adjacency, [-]

diameter, [pum]

damage degradation coefficient, [-]
Young’s modulus, [GPa]

resultant force vector, [N]

friction force, [N]

normal positive pressure force, [N]
tensile force, [N]

fracture energy, [J/m?2]

penalty stiffness, [GPa/m]

grain perimeter, [pum]

grain shape factor, [-]

Tnax max stress, [GPa]

Vy

cutting speed, [m/min]
volume ratio, [-]

Oinitial the displacement at the beginning of the unit

(Sfail

(1

[2]

3]

[4]

[5]

(6]

[7]

[8]

191

damage, [pum]
the displacement of the unit at the complete
failure, [um]
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