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Failure analysis of polycrystalline diamond compact cutters for
breaking rock by bending waves theory
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Abstract: The breakage mechanism of the polycrystalline diamond compact(PDC) cutters was analyzed by the energy theory of
bending waves. The cutting tests of granite block were conducted on a multifunctional testing device by using the cutter at three
kinds of negative fore angles of 30˚, 45˚ and 60˚. The results show that, when the edge of the PDC layer is broken, the layer of
tungsten cobalt is broken a little under the angle of 30˚, while the layer of tungsten cobalt is broken continuously under the angle of
60˚, their maximum depths are about 2 and 7 mm respectively in the two cases. The eccentric distance mainly depends on the
negative fore angle of the cutter. When the cutter thrusts into the rock under an attack angle of 60˚, the energy of bending waves
reaches the maximum since the eccentric distance is the maximum. So the damage of cutter is the most serious. This test result is
consistent with the conclusion of theoretical analysis well. The eccentric distance from the axial line of cutter to the point of action
between the rock and cutter has great effect on the breakage of the cutter. Thus during the process of cutting, the eccentric distance
should be reduced to improve the service life of PDC cutters.
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1 Introduction
The breakage of cutters has been studied widely for
a long time and many kinds of damage and breakage
mechanism models have been put forward[1−3]. These
models have their own characteristics and ranges of
application. Most of them have been carried out
according to the characteristics of material of the cutters
and by analogy with the types of breakage of other
cutters with different materials or by indentation test on
rock. The results from these methods can only show the
breakage situation of cutters partly and cannot show the
whole breakage process when the cutter cuts into the
rock. At the same time, they are mainly limited to
breakage mode under cutting by static pressure.
Polycrystalline diamond compact (PDC) cutters have
been widely used in all kinds of engineering due to their
high rigidity, good wear resistance and anti-impact of
carbide. But they are rarely used in cutting hard rock. So
the theory and its application of cutting process of hard
rock with PDC cutters are lack of full research,
especially the study on the cutting hard rock with impact
loads is hardly ever covered[4−7]. With the development
of the cutter technology on drilling rock, the researchers
focused on drilling hard rock with PDC[8−11]. Because the

PDC cutters have been used in drilling hard rock recently,
there have been few papers on its breakage mechanism.
Thus, the study on the breakage mechanism of cutters
when the cutters cut into the rock is of theoretic and
practical significance for fully using the new type
material and good designed performance cutters
reasonably and improving their service lives. In this
work, the breakage mechanism of PDC cutters was
analyzed by using the energy theory of bending waves.

2 Failure analysis of cutters by energy
theory of bending waves
The critical value of bending strength of PDC
cutters is only about one tenth of that of compressive
strength[8−9]. When loads applied along the axial line of
the cutter increase, the bending stress of cutting blade
reaches the critical value more quickly than that of the
compressive stress. Thus the breakage of the cutter is
mainly determined by the bending stress. At the same
time, it is known that the cutting force is an impact
harmonic wave according to the results of test. So the
bending breakage of the cutter can be analyzed and
calculated by the energy theory of bending waves[9−10].
The calculating model is shown in Fig.1, in which y(x, t)
is the displacement of the axis of the cutter along the
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cross section, u(x, t) is the axial displacement of the
center of the cutter, W(x, t) is the axial displacement of
the blade of the cutter, b is the eccentric distance from
the axial line of cutter to the point of action between the
rock and cutter(it means ideal load when b equals 0).

∂y
⎧
⎪⎪W = u − b( ∂x ) x =0
⎨
⎪W& = u& − b( ∂y& )
x =0
∂x
⎩⎪

(6)

Eqn.(6) shows the geometry conditions.
Eliminating u& and W& from the four equations
mentioned above, the following equations can be
obtained.
Er 2
y ′′(0)
b

σi + σr =

(7)

σ i − σ r − d (σ i + σ r ) = −
where y ′′(0) = (

Er 2
y ′(0)
b

∂2 y
∂x

) and y ′(0) = (
2 x =0

(8)
∂2 y
) x =0 .
∂x∂t

The energy of bending waves of the cutter can be
considered as the integral of the moment of the cutter
end multiplying the cutting velocity on the whole time:
∞

∞

0

0

Ebent = ∫ Mv&dt = − ∫ EAr 2 y ′′(0) y ′(0)dt

Fig.1 Calculating model of energy of bending waves

Using a viscous damper to represent the rock, the
force (F) is in proportion to the axial displacement of the
cutter blade (W), that is
m
F = − W&
(1)
d

(9)

Eqn.(9) can be rewritten as
Ebent =

Ac ∞
(σ i + σ r )[σ i − σ r − d (σ i + σ r )]dt
E ∫0

(10)

2
Given ∫ σ i d t = 1 , the relationship between the energy of

Ac
) and the ratio(K) of the
E
energy of bending waves to that of incident stress waves
is

where m is the mass of the cutter, and d is the damping
constant determined by the contact area of rock and
cutter. d＞1 means faintish counterforce, d＜1 means
strong counterforce, and d=1 means fixed end.
Assuming that the cutter bend obeys to
Euler-Bernoulli equation, then there exists

incident stress waves ( Ei =

∂4 y

Eqn.(11) means that the energy of bending waves equals
the incident energy minus the sum of reflected energy
and the transmission energy.
Assuming stress waves are exponential waves, then
we have

∂x 4

+

1 ∂2 y
r 4 c 2 ∂t 2

=0

(2)

where c is the velocity of longitudinal wave, and r is
the radius of gyration of the circle cross section, the
change of the point of blade can be calculated by the
following four equations.
c
(3)
u& = − (σ i − σ r )
E
Eqn.(3) shows the relationship between the velocity
and stress of particles. Among them, σi is stress of
incident wave, and σr is stress of reflected wave.
m
A(σ i + σ r ) = − W&
(4)
d
Eqn.(4) shows the balance of the force. Among
them, A is the contact section of the cutter and the rock.
EAr 2 (

∂2 y
∂x

)
2 x =0

=−

m &
Wb
d

Eqn.(5) shows the balance of the moment.

(5)

K=

∞
Ebent
= ∫ [σ i2 − σ r2 − d (σ i + σ r ) 2 ]dt
0
Ei

(11)

σ i = σ 0 exp(−α t ) ,
⎡ 4h
16 h 2
2 h( h 2 − 1)
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−
−
⎢ 2
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16 h 2 (h 4 + 1)
+
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(12)
π h4 − 1 π h4 − 1
⎦

and K =

1
1+ d

D L
P
and P = g 2 ( ) 4 , g is the
b D
64
parameter of the boundary conditions of the blade. g =1
means that the cutter is fixed along the cross section,
whereas g =0.5 means that the cutter is free along the
cross section, D is the diameter of the cutter, L is the
outstretched length of the cutter. Then the energy of

where h = (1 + d )
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bending waves can be shortened as
Ebent = KEi

(13)

Fig.2 shows the relation between K and P when d
changes.

Fig.2 Proportion curves of bending energy: 1 — d=0;
2—d=0.5; 3—d=1.0; 4—d=2.0; 5—d=5.0

During the practical cutting process, the eccentric
distance (b) is varied. When the rock and cutter start to
contact, b is small. When the depth of cutting increases,
the point of action will depart from the axial line of the
cutter, b increases. Then parameter P will decrease as
four times power function. Thus K increases and the
energy of bending waves increases obviously. So the
breakage of the cutter will be more serious.

3 Test and results analysis
3.1 Appratus
Appratus (shown in Fig.3) mainly consists the
hydraulic pump pressure system for loading the axial
static pressure (shown as 2 and 5 in Fig.3), the device for
loading impact loads (shown as 4, 7 and 9 in Fig.3), and
the pump pressure system for horizontal cutting[12−16].

Fig.3 Multifunctional testing device for rock: 1—Machine
frame; 2—Axial loading oil cylinder; 3—Horizontal loading oil
cylinder; 4—Impacting bar; 5—Lifting crossbeam; 6—Cutter
and nipper; 7—Electric motor for adjusting impacting velocity;
8—Gear transmission device; 9—Gear wheel driving mechanism; 10—Sample carrier; 11—Rock sample; 12—Track

3.2 Methods of test
During test, put the cutter on the surface of the
sample and apply the vertical static loading, impact
loading and horizontal cutting force respectively by the
loading equipment. If the vertical static loading is small
and only the blade can keep close to the sample surface,
then the sample can only be acted under the vertical
impact loading and horizontal cutting force. This
situation belongs to the fragmentation mode by impact
and cutting. If the vertical static loading cannot be
ignored, this situation belongs to the mode of cutting
under impact and static pressure. If the horizontal cutting
force is so small that the cutter can only put forward
brokenly and has no practical effect on the fragmentation
of the rock, this situation belongs to the mode of crashing
by impact and static pressure. If the impact load or the
static pressure equals 0, this situation belongs to the
mode of crashing by impact loading or cutting by static
pressure.
The sample of test is granite made in Dingziwang.
The parameters of physical mechanics of the samples are
shown in Table 1. The cutter with diameter of 13.4 mm,
is made in Hunan Feidie Carbide Alloy Factory and is
made of 1 mm-thick wafer-like PDC and 3 mm-thick
tungalloy. In order to study the effect of the angle of the
blade on the stress and the breakage of the cutter, the
PDC cutters with three kinds of angles, were tested,
which are −30˚, −45˚ and −60˚, respectively. Before
test, the surface of samples should be planished and
polished with grinding wheel machine and then the tests
of cutting under static pressure and under impact and
static pressure could be carried out respectively.
Table 1

Mechanical parameters of granite
Parameter

Value

Density/(kg·m-3)

2 640

Compressive strength/MPa

164.8

Modulus/GPa

67

Dimension/mm

1 000×660×540

3.3 Test results and analysis
The tests of cutting under static pressure and under
impact and static pressure were conducted with PDC
cutters on the granite respectively. The situation of the
breakage of the cutters is shown in Table 2.
When the PDC cutters cut into the hard and brittle
granite as the mode of cutting under static pressure or
impact and static pressure, these cutters with three
negative fore angles all are broken to different degrees,
and the larger the negative fore angle, the more serious
the breakage of PDC cutter. Both the layer of PDC and
the layer of tungsten cobalt are broken. The maximum
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broken depths of the three kinds of cutters at the negative
fore angles of 30˚, 45˚ and 60˚ are 2, 4 and 7 mm,
respectively. The main reason is that the larger the
negative fore angle, the longer the eccentric distance of
the action point of force, so the energy of the bending
energy is more. If the cutting depth reaches 1 mm, the
eccentric distances from the axial line to the action point
between the rock and the three kinds of cutters at the
negative fore angles of 30˚, 45˚ and 60˚ are 0.288, 0.500
and 0.866 mm, respectively. When b increases, the
energy of bending waves of cutter increases. Thus the
breakage of the cutter is more serious. In the test, the
cutter that cuts into the rock at 60˚ is broken most
seriously since its eccentric distance is the largest, which
is consistent with the conclusion of theoretical analysis.
Table 2

Situation of breakage of cutters

Negative
fore angle
of
cutter/(˚)

Situation of cutters breakage

Degree of
breakage

−30

The edge of the PDC layer is
broken. The layer of tungsten
cobalt is slightly broken, the
maximum depth is about 2 mm

Normal

−45

The edge of the PDC layer is
broken discontinuously. The layer
of tungsten cobalt is broken, the
maximum depth is about 4 mm

Bad

−60

The edge of the PDC layer is
broken. The layer of tungsten
cobalt is broken continuously, the
maximum depth is about 7 mm

Serious

Whether with PDC cutter or hard carbide cutter when
positive fore angle of the cutter is used, rock volume of
compacting core formed by the tip of the cutter is small
and does not change with the variation of the fore angle.
Furthermore, the cutter has the advantages of small
cutting force and fast cutting speed. However, cutters
with positive fore angle are not good to transfer the
impact stress waves, because the interface of the impact
force mainly occurs in the area of cutter’s relief angle
under impact loading, so the cutter is easy to be damaged
as well as difficult to obtain better breaking effect.
Therefore, positive fore angle cutters are mainly suitable
for soft and uniform materials, while negative fore angle
is mainly suitable for hard and middle hard rock. So the
negative fore angle cutter is used in the test for the
impact-cutting test of hard rock sample. With the
increase of negative fore angle of the cutter, the interface
area between the rock and the tip of cutter is larger so as

to form more powder chips and a larger volume of
fragmentation at the same cutting depth. So the larger the
negative fore angle, the larger the volume of
fragmentation. But the damage expends faster with the
fast increase of cutting negative fore angles[17−18].

4 Conclusions
1) The discontinuous breakage of edge of the PDC
cutter is mainly determined by the eccentric distance
from axial line to action point between the rock and the
cutter. When b increases, the energy of the bending wave
increases, thus the breakage of the cutter is more serious.
At the same time, the value of b is determined by the
negative former angle of the cutter. When the negative
fore angle equals −60˚, the eccentric distance is the
largest, so the breakage of the cutter is the most serious.
2) On the multifunctional testing device, the cutting
tests under the static pressure and impact are conducted.
The results show that the PDC cutters with three negative
fore angles are broken with different degrees. The test
results are consistent with the conclusion of theoretical
analysis.
3) In the practical engineering, in order to reduce
the breakage of the cutters, improve the effect of rock
fragmentation and prolong the service life, the eccentric
distance from the axial line to the point of action
between the rock and the cutter should be reduced to the
greatest extent and make the cutter cut into the rock at
small negative fore angle.
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