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Critical erosion kinetic energy models for radial/median cracks and lateral cracks in a workpiece are established
in this study. We used experimental results to demonstrate that the fracture erosion resistance and erosion
machining number could be used to evaluate the brittle fracture resistance and machinability of a workpiece.
Erosion kinetic energy models were developed to predict brittle fracture and ductile shear, and a critical erosion
kinetic energy model was developed to predict the transition from brittle fracture to ductile shear. These models

were verified experimentally.

NOMENCLATURE

A = chip shape factor for the target material
C, = orifice efficiency

C, = compressibility coefficient

C,, = general erosion kinetic energy efficiency

Cor = fracture factor about the crack mode
C, = fracture factor for lateral cracks

C£, = fracture factor for radial/median cracks
H = hardness of the target material

M= fracture erosion machinable number (J™/ %
m, = abrasive particle mass (kg)

P, = water pressure (MPa)

R' = ratio of abrasive/water mass flow rates

R, = fracture erosion resistance (J)
U «» = erosion kinetic energy absorbed by the target material

)

Ukine = crack critical erosion kinetic energy (J)
L
Ukinc = critical erosion kinetic energy for lateral cracks (J)

UL, o = critical erosion kinetic energy for radial/median
cracks (J)

v, = abrasive particle speed (m/s)

@' = shape factor of the indenter

B dimensionless target material constant
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&V = crack indentation volume (m®)

SVCL = fracture critical indentation volume for lateral cracks

(m’)

&V & = fracture critical indentation volume for radial/median
cracks (m®)

7 = momentum transfer efficiency
7., = erosion kinetic energy efficiency

H = dimensionless constant

Pw = water density (kg/m”)

1. Introduction

The recent use of brittle materials such as glass and ceramics for
a variety of high-performance applications has increased the need for
developing a high-precision material removal method." The concept
of ductile mode machining has led to many innovative applications
for machining brittle materials, such as single point diamond
tuning® and ductile-regime grinding® When ductile mode
machining of brittle materials is achieved, flawless machining free of
brittle fractures is obtained. Abrasive waterjet machining is a
powerful tool for processing various materials,® especially brittle
materials such as glass and ceramics. Abrasive waterjet machining is
generally understood to be a rapid erosion process, and determining
the erosion mechanisms is key to understanding this process.’

Numerous studies on the erosion caused by solid particles
impacting on brittle materials indicate two types of erosion modes:
brittle and ductile.” For brittle materials, a greater erosion rate can
be obtained under a brittle erosion mode while a finely eroded
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surface can be obtained under a ductile erosion mode. Brittle and
ductile modes of erosion can occur in the same brittle material, and
the transition between them can be controlled by changing the
erosion conditions."! Therefore, brittle or ductile erosion can be
controlled by changing abrasive waterjet machining conditions to
obtain a greater efficiency or higher surface quality. However, a
systemic investigation on brittle—ductile transition in abrasive
waterjet machining has not yet been performed.

In this report, a theoretical analysis is used to examine the
erosion of brittle materials in abrasive waterjet machining based on
the indentation theory for hard angular particles. Brittle and ductile
erosion models are discussed and a brittle—ductile transition critical
erosion kinetic energy model is derived. Experimental verification is
then used to establish the applicability of the brittle—ductile transition
critical erosion kinetic energy model.

2. Indentation Fracture Analysis on the Erosion

Mechanisms of an Abrasive Waterjet

2.1 Erosion Mechanisms for a Single Abrasive Particle

The erosion of brittle materials by a single hard angular abrasive
particle is known as indentation fracture.'>"® This type of fracture is
characterized by plastic deformation of the contact area between the
impacting particle and the target, with subsurface lateral cracks
propagating outward from the base of the contact zone on planes
nearly parallel to the surface and radial cracks propagating from the
contact zone normal to the surface. The lateral cracks are responsible
for material removal while the radial cracks are the source of strength
degradation. Figure 1 shows a simplified diagram of such an event,
but in reality more than one lateral and redial/median crack can be
present.

Plastic
deformation
Target
Lateral
crack
Radial/Median
crack

Fig. 1 Simplified schematic drawing of crack formation by a single
hard angular abrasive particle impact 14

Slikkerveer ef al. established the fracture threshold crack
indention volume.'® For radial/median cracks,

3
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and for lateral cracks,
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Using the energy consideration principle, the erosion kinetic energy
absorbed by the target material is equal to the work done during the
impact. Therefore, the indentation volume &V equals the ratio
between the erosion kinetic energy absorbed by the target material
and the hardness of the target material,

U..
W:%. 3)

Equations (1) and (2) can be rewritten as a critical erosion kinetic

energy equation. For radial/median cracks,

R _ 3 } H 6 E 3/2K 16C 4
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and for lateral cracks,
UL = l 8/2 E3/2K16C (5)
KinC = 32 45 g
Equations (4) and (5) can be rewritten as a universal equation,
EV2K6
Ukine = Cy ——H13/21C > 6)

where the value of the constant Cy, depends on the type of crack.
For radial/median cracks,
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and for lateral cracks,
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The term E** K;c%H™? consists of three material property
parameters and has the same dimensions as energy. It is an energy
term that denotes the erosion kinetic energy absorbed by the target
material before fracture, representing the capability of the target
material to resist fracture. The term can be defined as a “fracture
erosion resistance,” Rcg, expressed as

EV K
Re ==t ©)

Another material constant can be defined as a “fracture erosion
machinable number,” M, expressed as

-1/6
_ EVKS
M=(RCE) e :[ H13/21C : (10)

2.2 Evaluation of the Fracture Erosion Resistance and
Fracture Erosion Machinable Number

A group of erosion experiments was performed to evaluate Rcg
and M. Three types of material, silicate glass, 96% alumina, and
silicon nitride, were tested, and garnet abrasives with 100 and 120
grit, a Mohs hardness of 8, and a density of 4.0 g/cm® were used. The
main mechanical properties, Rcg, and M of the three materials are
listed in Table 1. The values for Rcz and M were calculated using
Eqgs. 9 and 10, respectively. The erosion rates of the three materials
under various waterjet pressures were measured. The experimental
results are shown in Fig. 2.

The silicate glass had the smallest Rcr and the highest M.
Silicate glass also had the highest erosion rate for all waterjet
pressures. Silicon nitride had the highest Rz and the smallest M, and
had the smallest erosion rates for all waterjet pressures. These results
indicated that a smaller Rqr and larger M leads to more prominent
fracture erosion and higher erosion rates. Therefore, Rqg and M can
be used to directly evaluate the erosion resistance and machinability
of materials.

Table 1 Main mechanical properties, Rcg, and M of the target materials

E H Kic R, M
[GPa] [GPa] [MPam'?] [Jx107'3] [

Material

Silicate glass 69 5.6 0.8 2.0587 88.6614
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Fig. 2 Material erosion rates of three types of brittle material versus
jet pressure of the abrasive waterjet

3. Transition Mechanism from Brittle Fracture to Ductile
Shear

3.1 Erosion Kinetic Energy of a Single Abrasive Particle

In abrasive waterjet systems, abrasive particles are sucked into
the waterjet from a hopper to the mixing chamber. An abrasive
particle is accelerated by the waterjet within a short mixing tube and
obtains its erosion kinetic energy before arriving at the target material.
According to the research by Hashish'®, the abrasive particle velocity
in an abrasive waterjet can be calculated by

C.C
y, =0 2P, an
1+R8 \ p,

Considering the energy loss in an erosion process, the erosion kinetic
energy of an abrasive particle absorbed by the target material is given
by

1
UKinP = Mero Empvi : (12)

Using Eqgs. (11) and (12), the erosion kinetic energy of the abrasive
particle can be rewritten as
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where the constant C,, is

V3
C, =gmmn2<?305 . (14)

3.2 Transition Mechanism

If the erosion kinetic energy of an abrasive particle absorbed by
the target material exceeds the critical brittle fracture erosion kinetic
energy, material is removed by fracturing; otherwise, material is
removed by a flow-type ductile shear erosion mechanism. Therefore,
the critical erosion kinetic energy for transition from brittle fracture
erosion to ductile shear erosion can be obtained from

=Uginc - (15)

This can be rewritten as
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then lateral cracks occur, and material is removed as the cracks
propagate. If
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then lateral cracks do not occur, and material is removed by a ductile
shear mechanism. In this case, radial/median cracks do occur. If

2
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then material is removed by the ductile shear mechanism without any
fracturing,

Figure 3 illustrates the brittle—ductile transition critical erosion
kinetic energy model based on the erosion of 96% alumina ceramic
by alumina abrasive particles. The constants Cg, and Cj, were
calculated using # = 0.63," = 0.096," £, =1.2x10°,"® o' =2,
P2 and 4 = 075.% Therefore, CZ, ~8.6944x10°
and CL, ~2.3225x10*. In Fig. 3, energy level I (3.4255%10° J) is
the critical erosion kinetic energy for lateral crack propagation and
energy level II (1.2823x107 J) is the critical erosion kinetic energy
for radial/median crack propagation.

Erosion kinetic energy (J)

Fig. 3 Brittle—ductile transition critical erosion kinetic energy model

3.3 Experimental Verification of the Transition Mechanism

3.3.1 Experimental Procedure

Material erosion rates and erosion surface morphologies after
applying the abrasive waterjet under different erosion kinetic energy
levels were studied to analyze the transition of the erosion
mechanism. Silicate glass and 96% alumina ceramic were used as the
target materials. Their mechanical properties are listed in Table 2. All
erosion experiments were performed with alumina abrasive, which
had the mechanical properties listed in Table 3. Five groups of
experiments were conducted with a FCM 1313 waterjet cutter, which
used a jewel orifice with a diameter of 0.254 mm and a carbide
nozzle with a diameter of 0.762 mm and a length of 75 mm. The
experimental conditions are listed in Table 4. The erosion rates were
measured with a JA2103 electronic balance with a precision of 1 mg.
The eroded surfaces of the workpicces were observed under a
scanning electron microscope (SEM).
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Table 2 Mechanical properties of the target materials

Table 3 Mechanical properties of the abrasive

Material E Hy Kic P , Abrasi Composition [%] Hv p
ateria 12 cm rasive
(GPa]  [Gpa] [Mpam'?} [gfem] ALO S0, Fes (GPa] [g/em’]
Silicate glass 69 5.6 0.8 25 >
ALO, 2P 03 sy 20 3.95
96% A0 300 18 4 3.7 % %
Table 4 Experimental conditions
Erosion Target Abrasive é?verage Jet S(;and—oﬂ' Er05110n Travel('ise
condifion material particle iameter pressure istance angle speed
[um] [MPa] [mm] [°] [mm/min]
150,120
1 Silicate glass ALOs 109,75 120 15 60 100
38,18
150,120
2 96% AlL,O; AlLO; 109,75 120 5 60 50
38,18
90,75
3 Silicate glass AlLO; 120 120 15 60,45 100
30,15
90,75
4 96% ALO; ALO; 120 120 5 60,45 50
30,15
100,120
5 Silicate glass AL O, 120 140,160 15 60 100
180,200
100,120
6 96% AlLO; AL, 120 140,160 5 60 50
180,200

3.3.2 Results and Discussion

Figure 4 shows the relationship between the material erosion rate
and the erosion kinetic energy of the abrasive particles for silicate
glass and 96% AlO;. Under the same erosion kinetic energy, the
material erosion rate was dependent on the mechanical properties of
the target material, while for a given material, the material erosion
rate was mainly dependent on the erosion kinetic energy of the
abrasive particles. The material erosion rates of the silicate glass were
higher than that of the 96% Al,O5 ceramic.

The change in the material erosion rate with the erosion kinetic
energy was similar between the two materials. Three energy regions
were observed: a low erosion kinetic energy region, a high erosion
kinetic energy region, and a transition region. In the low erosion
kinetic energy region, the material erosion rate increased slowly with
the erosion kinetic energy. In the high erosion kinetic energy region,
the material erosion rate increased quickly with the erosion kinetic
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(] 0.2 0.4 0.6 0.8 1 1.2 1.4 16 1.8
Erosion kinetic energy (J) X107

(a) Silicate glass

energy, indicating a different dominant erosion mechanism in
different erosion kinetic energy regions. In theory, the transition
between the two mechanisms is located at the point where the two
regions meet, but in fact, a region of transition connects the two
different erosion mechanisms.

Further analysis on the transition of erosion mechanisms can be
performed using the relationship between the erosion specific energy
and the erosion kinetic energy of the abrasive particles, as shown in
Fig. 5. In the low erosion kinetic energy region, the erosion specific
energy is very high; the opposite is true in the high erosion kinetic
energy region. This indicates that the erosion in the low erosion
kinetic energy region consumed more energy while the erosion in the
high erosion kinetic energy region was more efficient. This analysis
also indicates that a transition region connected the two different
erosion mechanisms.
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(b) 96% Al,O; ceramic

Fig. 4 Material erosion rate versus abrasive particle kinetic energy
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Fig. 5 Erosion specific energy rate versus abrasive particle kinetic energy

An analysis of the eroded surfaces was used to confirm the
erosion mechanism for different erosion kinetic energies. Figures 6
and 7 show SEM pictures of the erosion surfaces in low, high, and
transition erosion kinetic energy regions.

The erosion surfaces in the high erosion kinetic energy region
(Figs. 6(a) and 7(a)) were entirely composed of fracture surfaces. For
silicate glass, this type of fracture was characterized by cracks
propagating outward from the base of the contact zone on the site
impacted by the abrasive particles, nearly parallel to the surface of the
workpiece. Some cracks propagating normal to the workpiece
surface from the impacting site were also visible. For 96% Al,O;
ceramic, the fracturing was mainly caused by intergranular cracks,
which indicates that the erosion mechanism of the low erosion kinetic
energy region was brittle fracture erosion.

The erosion surfaces in the high erosion kinetic energy region
(Figs. 6(b) and 7(b)) were mainly composed of plastic surfaces and
several small cracks or flaws. During the erosion process, the target
material did not fracture and the eroded surface quality was very fine.
The material was removed mainly by ductile shear and micro cuts,
indicating that the erosion mechanism of the high erosion kinetic
energy region was ductile shear erosion.

The erosion surfaces in the transition erosion kinetic energy
region (Figs. 6(c) and 7(c)) were composed of both fracture surfaces

(a) Brittle fracture erosion

Upp = 1.76x10°J

(b) Ductile shear erosion

Usp =3.04x107% 7

and plastic surfaces. Cracks and grooves caused by micro cuts were
clearly visible. This shows that both brittle erosion and ductile erosion
were dominant erosion mechanisms. The erosion mechanism can be
defined as partial ductile shear erosion.

The microstructure of the target material had a prominent effect
on the erosion process. Glass can be thought of as a type of
homogeneous elastic—plastic material. Obvious flaws are not
observed in silicate glass specimens. Therefore, the erosion process in
silicate glass can be modeled very well using indentation fracture
mechanics. However, some flaws occur in alumina ceramics, such as
crystal boundaries and pores. The microstructure flaws of the target
material can affect the nucleation and propagation of cracks caused
by impacting abrasive particles, making the brittle—ductile transition
region of alumina ceramic wider than that of silicate glass.

These results demonstrate that a brittle—ductile erosion transition
region does exist when machining brittle material using an abrasive
waterjet. In brittle fracture erosion, the material erosion rate is high
and the specific energy is small; therefore, the machining efficiency is
high. In ductile shear erosion, the material erosion rate is low and the
specific energy is high; therefore, the machining efficiency is low but
the eroded surface is fine. In the transition region, the machining
efficiency and erosion surface.quality fall between those of brittle and
ductile erosion.

(c) Partial ductile shear erosion

Up =2.86%107J

Fig. 6 Silicate glass eroded surface
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(a) Brittle fracture erosion

Uy =9.34%x10° 7

(b) Ductile shear erosion

Uppp =1.61x10%J

(c) Partial ductile shear erosion

Upnp =1.52%x107J

Fig. 7 96% Al,O; ceramic eroded surface

4, Conclusions

We established critical erosion kinetic energy models for
radial/median cracks and lateral cracks in a workpiece using an
indentation fracture analysis on the erosion mechanisms of an
abrasive waterjet. We applied the concepts of fracture erosion
resistance and erosion machining number directly to evaluate the
erosion resistance and machinability of materials.

We investigated the transition mechanism from brittle fracture
erosion to ductile shear erosion theoretically and experimentally and
established critical erosion kinetic energy models for the transition
from brittle fracture to ductile shear. Experimental results verified
that a brittle—ductile transition region does exist when machining
brittle material using an abrasive waterjet. During brittle fracture
erosion, the material erosion rate was high and the specific energy
was small; therefore, the machining efficiency was high. A finely
eroded surface was obtained after ductile shear erosion. In the
transition region, the machining efficiency and erosion surface quality
fell between those of brittle fracture erosion and ductile shear erosion.

The microstructures of the target material had a prominent effect
on the erosion process. Material flaws, such as crystal boundaries and
pores, affected the nucleation and propagation of cracks caused by
impacting abrasive particles.

Ductile shear erosion from abrasive waterjets can be used to
achieve micro-material removal, leaving a finely eroded surface with
little damage. This is a promising precision machining method for
brittle materials.
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