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Industrial summary

A method has been developed and used for estimating the erosion debris size. 2, and the contact number, Cy. for material
erosion by abrasive water jets with velocities of up to 370 m's. Based on abrasive water-jet cuiting tests on grey cast iron samples.
and on measurements of the particle sizes of the remnoved material debris, the contact number is calculated as the rutio of the
number of removed material particles to the number of impacting abrasive particles. the cortact numbers ranging between Cy =3
and Cy =11 It is found that the contact number increases linearly with the abrasive particle velocity in the medium velocity
range. bu* for very low and very high abrasive velocities the contact number is less influenced by the abrasive velocity. A model
is developed for approximating the contact numbers for various cutiing conditions. Estimated high contuct numbers suggest that
a complex impact erosion process may oceur which is associated with the formation of a microcrack network by solid particle
impact and the widening of the cracks by a high-speed water flow entering the crack. <@ 1997 Elsevier Science S.A.
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1. Introduction it flows through an orifice on the top of the abrasive cutting
head. The abrasives enter the cutting head through a

As a new manufacturing process, abrasive water-jet separate inlet. The mixing between abrasives, water and
machining has been very effective in machining difficult- air takes place in a mixing chamber, and the acceleration

process occurs in an acceleration tube, or abrasive
water-jet nozzle. The abrasives leave this nozzle at
velocities of several hundred meters per second. A high
number of abrasive particles (10%s) leads to a high-fre-
quency impingement on the material being processed. The
intensity and the efficiency of the cutting process depend
on several process parameters, such as pump pressure.
orifice diameter. traverse rate, standoff distance, abrasive
flow rate, abrasive type, and mixing chamber geometry [6].

The velocities of the impacting abrasive particles, wy.
can be calculated using the following procedure. Based on
a momentum balance in the mixing nozzle it can be shown

to-machine materiais. This machining technique is one of
the most recently introduced machining methods. Abra-
sive water jetting is used for cutting a wide range of
materials, including ceramics [,2], and composite materi-
als[3.4]. Asshown in Ref. [5), abrasive water jets also have
the potential for three-dimensional machining. On the
basis of jet generation, abrasive water jets can generalily be
categorized as injection jets (AlJ) or suspension jets (AS]).
For practical applications. AlJs are more commonly used.
For this type of jet, the pump pressure ranges between 100
and 400 MPa. An AlJ is formed by accelerating smal
abrasive particles (garnet, aluminum oxide, silicon car-

bide) through contact with a high velocity plain water jet. that:
A typical abrasive grain diameter is 400 pm. The high = Wi ] )
pressure water is converted into a high velocity water jet as i il._
— M,,
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! Present address: Samsung Electro-Mechanics Co.. Ltd, Seoul. For the estimation of the water-jet velocity. w,. Bernoulli’s
South Korea. law can be used, which yields:
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here u is an orifice efficiency coefficient. The abrasive
particle velocity, w,, can now be calculated using Eq.

(3):

Wy=H

Wy, = 4;}" 3)
P

4 —
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During the material removal process, a part of th
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abrasive water-jet input energy is consumed by the

workpiece and contributes to the machining process. As
shown in Refs. [7.8] for brittle materials, only a small
amount of the abrasive water-jet input energy is used
directly to create the target material wear particles, the
rest of the energy being dissipated by different mecha-
nisms, such as friction, plastic deformatlon and damp-
ing [9]. A considerable portion of the input energy is
carricd by the mixture of abrasives, water, and wear
particles after it leaves the workpiece [10,11). The en-
ergy dissipated in the workpiece significantly influences
the machining efficiency, such as the depth of cut and
the material removal rate, as well as the machining
quality, such as surface roughness and striation forma-
tion. It was shown, for example, in Ref. [12] that the
erosion rate in abrasive water-jet cutting increases lin-
early with the kinetic energy of the abrasive particles.
The greater is the available energy to feed the dissipa-
tion process, the greater is the possible depth of cut in
the specimen. For a given depth of cut these relations
may determine the quality of the cut surface. In relation
to the surface quality parameters, it has been proposed
in Ref. [I3] that the smooth cutting zone in the upper
part of the cut, which is typically characterized by
surface roughness, may be the result of excessive jet
energy. There is an excess of jet energy compared with
the energy required for the material removal which
contributes to the generation of a comparatively
smooth cutting surface. A very similar approach was
proposed recently in Ref. [14] suggesting that the avail-
able local kinetic energy of the abrasive pa:ticles deter-
mines the quality of the abrasive water-jet cutting
process, especially the formation of striation marks on
the cut surface on the lower part of the cut. In Ref. [14]
a physical model for the striation formation process
was developed and verified experimentally. Also, a sig-
nificant relationship between the kinetic energy of the
abrasive particle and the transition cut depth between
smooth cutting zone and rough cutting zone was found.
In other words, if the abrasive’s kinctic energy is below
a given level, the striation formation process will be
introduced. For local energy levels beyond this value
the excessive energy contributes to the smoothing of the
surfaces as proposed in Ref. [13]. In Refs. [15,16] a

1!'0

mathematical model for the estimation of the local
abrasive water-jet energy is introduced.

An alternative approach to treat problems relaied to
the material removal process in materials subjected by
abrasive water jets is to conduct quantitative investiga-
tions on the material particles removed by the high-

speed abrasive particle erosion. As shown in Ref. [7],
the removed grain samples contain information that
can be used successfully to analyse material-removal
processes. The subject of this paper is the application
and estimation of the so-called ‘contact number’, C,
which is used successfully to evaiuate erosion processes
in the field of dry solid particle erosion {17- 19] to the
abrasive water-jet cutting process.

The behaviour of the cast iron is assumed to be that
of a brittle material. Grey cast iron can generally be
considered as a two-phase material containing a hard
matrix and graphite as a softer second phase. In the
grey cast iron, the graphite flakes which can be consid-
ered essentially as sharp cracks, inhibit deformation of
the normally ductile ferrite and produce a very brittle
behaviour. This assumption is supported by experiences
in the solid impact and cavitation erosion and impact
wear of cast irons. Okada et al. [20] noticed long
erosion cracks occurring in grey cast iron because of
the severe notching action of the graphite in grey cast
iron samples subjected to cavitation erosion. A brittle
behaviour of cast iron combined with features of duc-
tile erosion was found in Refs. [21,22] for multiple
impact testing. In the two latter references significant
features of extensive carbide fracture, de-cohesion at
the grain-matrix interface, matrix fracture, and spall
formation in a narrow zone just below the impacted
surface are reported. Laird et al. [23] suggested a merg-
ing of crack fronts which originated in pre-existing
fractured carbides and resulted in spalling. Radial
cracking and fracture in cast iron were also found
during the high-speed impact of projectiles [24]. In
contrast, Balan et al. [25] observed a maximum solid
particle er.sion of grey cast iron at low impact angles,
indicating a uuctile erosion response. Nevertheless, they
observed subswface cracking at impact angles of 90°.

2. Contact number estimation

In erosion processes, the contact number, Cy, is
defined as the ratio of the number of removed wear
particles to the number of impacting abrasive particles
[18], as given in Eq. (4):

Cn=7" 4)

The number of particles removed from the target
specimen, Np, can be estimated by Eq. (5) as the ratio
of the mass of the removed material to the mass of a
single removed wear particle:
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Assuming the shape of the removed wear particles is
a mixture of spheres, cubes, tetrahedrons, and octahe-
drons leads to Eq. (6);

- Yoo
0.523D° aD*?
The number of the impacting abrasive particles, Np,

can be calculated by Eq. (4), based on the applied

abrasive flow rate, M,, and the time of exposure, 1,

Nl) {O)

N, = —M‘% (1 +7) (7
where the parameter y characterizes the comminution
of the abrasive particles during the mixing and acceler-
ation process which was reported in Refs. [26,27) and
leads to an increase in the number of impacting abra-
sive particles on the erosion site. The time of exposure
can be estimated by 1, = L /vy where L is the length
of the cut. Assuming the shape of the abrasive particles
to be spherical, Eqgs. (4)-(7) yield:

Co = Vorede'op
N™ 3§ -
DML (1 +7)

Eq. (8) contains some important process paramelers,
such as the traverse rate, vr, and the abrasive flow rate,
M,. The unknown parameters in this equation are the
average particle diameter of the removed target mate-
rial, D, the average abrasive grain diameter, dp, and the
volume of the removed material. ¥},. It 1s important to
note that the values of these latter parameters depend
on the traverse rate, vr. the abrasive particle velocity.
tp, and the abrasive feed rate. M.

Using methods of grain-size distribution analysis {28],
the average diameter of a grain collection can be esti-
mated by Eq. (9):

(8)

dy
Vup | &f(DYdD
D= o (9)
PMj~ d¥D)dD

Y]

Therefore, the average grain diameters D and d}, can be
calculated based on a sieve analysis of the removed
material samples as well as on the used abrasive mate-
rial. In order to estimate the average grain diameters of
the abrasive and the target materials, and the volume
removal on the material sample. cutting experiments,
particle collection and sieve analyses were carried out as
described in Section 3.

3. Experimental

Fig. 1 shows the flow chart of the experimental work
that was done during the investigation. For cutting the
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Fig. 1. Flow chart of the experimental work.

specimens, an abrasive water-jet system was used which
consists of a high-pressure intensifier pump, an AWJ
cuiting head, an abrasive storage and metering system,
a catcher tank. and an x-y-z positioning table controlled
by a CNC controller. Using a micrometer screw, it was
possible to adjust the abrasive mass flow rate. As an
abrasive material, garnet # 36 was used, as shown in

Fig. 2. SEM photograph of the abrasive material used {scale = 100
pm).
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Table 1

Cutting conditions and process parameters

Parameter Unit Range
Traverse rate mm/s 42
Standoff distance mm 9.0
Pump pressure MPa 138-345
Abrasive flow rate gfs 4.3
Abrasive size mesh #36
Abrasive particle diameter um 485
Abrasive material Garnet
Impact angle ° 90
Orifice diameter mm 0.33
Focus diameter mm 1.02
Focus length mm 76.2

Fig. 2. Grey cast iron samples were used as the investi-
gated material. The cutting parameters and cutting
conditions are listed in Table 1. For catching and
collecting the suspension of used abrasives, process
water and removed wear particles, a special collection
unit was developed which consists primarily of a closed
Plexiglas chamber. After cutting, the suspension was
removed from the chamber and dried at room tempera-
ture. After drying, the cast iron particles and the abra-
sive grains were separated using a magnet. This process
was controlled by periodic inspections using scanning
electron microscopy (SEM) and energy dispersive spec-
troscopy (EDS) measurements. In order to estimate the
grain distributions of the collected wear particle sam-
ples, sieve analyses were carried out. The particle move-
ment during sieving was performed by a commercial
sieve shaker. To estimate the efficiency parameters «
and u in Egs. (1) and (2) impact-force measurements
were performed on plain water jets and abrasive water
jets, as described in Ref. [11].

4. Results

4.1. Material volume removal

Fig. 3 shows the relationship between the applied
pump pressure, p, and removed cast iron volume, V},. It
can be seen from Fig. 3 that the removed material
volume increases linearly with rising pressure, following
the relationship:

Vo=C, (p—pc) (10$)

The intersection between the function and the pres-
sure axis can be identified as a critical threshold pres-
sure, pc. Beyond this pressure range (in this case
Pc <60 MPa) no material removal is possible. This
threshold value depends strongly on the traverse rate,
V1, but it can be applied as a material constant if it is
estimated under identical process conditions. From Fig.

3 it can be concluded that the removal efficiency tends
to decrease at comparatively high pressures (in this case
p>300 MPa). This observation is in agreement with
trends measured in abrasive water-jet cutting experi-
ments at very high pressures by other researchers [29].
Probably. the cutting process becomes ineffective be-
yond this pressure range because of a decreased mixing
and acceleration efficiency. Based on impact-force mea-
surement on plain and abrasive water jets, it was shown
in Refs. [11,30] that the efficiency of the energy trans-
formation in water-jet orifices and in abrasive water-jet
mixing nozzles starts to drop beyond a particular pump
pressure: this may generate the drop in the progress of
the depth of cut function at comparatively high pump
pressures.

4.2. Average wear particle diameter

A SEM image of a mixture of removed cast iron
particles and broken abrasive particles is shown in Fig.
4. Significant differences can be noticed in the surface
structures of both materials. The broken abre-ve
grains, marked as ‘A’, exhibit large smooth fract
areas, indicating unrestrained crack growth. Consider-
ing the different magnifications in Figs. 2 and 4, the size
reduction during the mixing and cutting process is well
documented. The basic mechanism of this size reduc-
tion is obviously impact comminution dne to impact
contact between the abrasive particles and the focus
wall or the material sample surface [26]. The cast iron
wear particles marked as ‘B’ in Fig. 4 also generally
show features of brittle fracture. But in contrast to the
abrasive material, the size of the fracture areas are
much smaller, which indicates a mixed material re-
moval mode.
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Fig. 3. Relationship between the applied pump pressure and the
material volume removed.
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Fig. 4. SEM photograph of a removed material grain sample (scale:
100 um. applied pressure: 276 MPa). (a) broken abrasive grains. and
(b) removed cast iron grains.

Fig. 5 illustrates the influence of the abrusive veloc-
ity, wp, calculated by Eq. (3) on the average wear
particle diameter, D, of the removed cast iron sample.
The abrasive particle velocity is used here 1o compare
the estimated wear particle sizes with erosion debris
sizes reported from dry solid particle erosion experi-
ments. For the given velocity range. the relationship
can be approximated reasonably by a parabolic func-
tion. But from the point of view of the physics of the
process it can be assumed that the average wear particle
diameter, D, cannot exceed the value of D=0 if the
abrasive velocity does not reach the threshold velocity
(we = 130 m/s), which means i, < w .. This assumption
indicates that a maximum wear particle diameter may
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Fig. 5. Relationship between the solid particle velocity and the
average wear particle diameter: (1) mild steel. dry solid particle
erosion [I8]; (2) carbon steel, dry solid particle erosion [19]. (3)
hardened steel, dry solid particle erosion [18]. and (4) cast iron,
abrasive water-jet cutting.

exist at a particular abrasive particle velocity. which
latter is marked as a ‘transition’ velocity at wy, = 200
ms in Fig. 5. Below this velocity level the wear particle
size increases almost linearly with increasing particle
velocity. Beyond the transition velocity the wear parti-
cle size starts to drop with a further increase in the
abrasive particle velocity. Generally. the wear debris
size is comparable with that observed during the dry
solid particle erosion of metallic surfaces. as illustrated
on the left section of Fig. 5.

4.3. Influence of pump pressure and abrasive particle
velocity on the contact munber

To estimate the direct relationship between the pump
pressure and the contact number it is necessary to
quantify the sensitivity of the comminution number, ¥,
defined by Eq. (7). to the applied pump pressure.
Therefore, a regression analysis of results published in
Ref. [26] was carried out. the regression giving:

7=Ciinp— G, (i)

For the pressure range applied in this study the
values for the comminution number are between y =
0.65 and y =0.95. In a previous study [7] it was found
that the average grain size of a brittle material, as
estimated by Eq. (9) removed by abrasive water jets in
the given pressure rang, can be related to the pump
pressure by Eq. (11):

D=Cp '° (12)

Based on Egs. (10)-(12). the contact number, Cy.
can be estimated as a function of the applied pump
pressure:

G ydy ' pl p = pe)
MpLi(Cyp ™ "1 +(Colnp — Cy)]

Eq. (13) indicates a complex relationship between
both parameters. The results of calculations based on
Eq. (13) as well as on the experimentally estimated
values for dp, My, Ly and p. are presented in Fig. 6
together with the measured contact numbers, including
abrasive particle fragmentation effects. The global rela-
tionship between the pump pressure and the contact
number Cy, = f{(p). is non-linear. A drop in the function
at very high pump pressures can be noticed again,
which indicates critical machining conditions existing st
a particular pressure level. It seems from Fig. 6 that a
‘saturation’ contact number, Cy ., may exist which
will be obtained at very high pressure levels. Interest-
ingly, in the range of medium pump pressures (p=
150-300 MPa) the relationship between the pump
pressure and the contact number is linear.

The range of the estimated contact numbers lies
between Cn =3 and Cy = 11. These values are fairly
high compared with contact numbers estimated for dry
solid particle erosion of metals. To compare abrasive

Cy= (13)
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Fig. 6. Relationship between the applied pump pressure and the
estimated contact number.

water-jet cutting and dry solid particle erosion, the
relationships between the contact numbers and the
particle velocities are plotted in Fig. 7. As shown in this
figure, contact number values of Cy = 0.1-0.25 for soft
steel, and values between Cy =0.5-1.0 for hardened
steel eroded by solid particles were found. For the
erosion of carbon steel, which showed some features of
brittle fracture, contact numbers of Cy =0.2-0.6 were
detected [19]. Generally, the contact numbers for solid
particle erosion are lower than Cy =1, suggesting a
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Fig. 7. Relationship between the solid particle velocity and the
contact number for dry erosion and abrasive water-jet erosion: (1)
mild steel, dry solid particle erosion [18); (2) hardened steel, dry solid
particle erosion [18}; (3) carbon steel, dry solid particle erosion [19}; (4
and 5) grey cast iron, abrasive water-jet cutting; (4) without abrasive
Ranicle comminution, and (5) including abrasive particle comminu-
tion.

cumulative solid particle impact that may be necessary
to remove an erosive wear particle. For the abrasive
water-jet cutting process, it is again assumed that no
debris can be removed if the paiticle velocity is lower
than the threshold velocity, wp < w,.. It can be noted
that under this condition the contact number function
crosses the C = 1-line at the particle velocity of wp =
200 m/s, which is identical to the ‘transition’ velocity
noticed in Fig. 5.

5. Discussion

The state-cf-the-art analysis of the abrasive water-jet
cutting process generally neglects a direct action of the
high-speed water on the material surface [31,32], the
water jet being considered only as an accelerator for the
abrasive particles. This assumption has been validated
for a wide range of metallic materials which cannot be
cut by plain water jets, but in contrast, pre-cracked
materials and materials containing a particular degree
of instabilities, such as microcracks and pores, can be
cut effectively with plain water jets at commercial pres-
sure ranges [33]. In a classical experiment [34] it was
shown that a pre-cracked raaterial cannot be damaged
by a plain water jet if it is covered by a very thin metal
layer which prevents the high velocity water flow from
entering the cracks and pores. If the layer is removed
the material fails by internal stresses created in the
material by the penetrating water stream. As suggested
in Refs. [33,36], the water enters a crack with high
velocities and generates stresses on the crack walls.
When the intensity of these stresses exceeds critical
local material resistance parameters, such as fracture
toughness, the crack will be widened. An intersection of
several cracks leads to the formation of a microcrack
network and the generation of wear particles. It was
shown in Refs. [33,37] for the water-jet cutting of
materials that:

K[c

2nl,,
where w,, is the critical threshold velocity of the water
flow. For an undamaged material with /, =0, the
threshold water-jet velocity, w,., is infinite and the
material cannot be cut. However, the water threshold
velocity can be reduced significantly when cutting a
material containing flaws and cracks. Grey cast iron
contains some instabilities because of the graphite
flakes in the structure. Nevertheless, undamaged cast
iron usually cannot be cut by plain water jets. This
situation may change if a particular number of surface
cracks is present which can be entered by the high-
speed water flow. The formation of surface cracks
during the erosion of grey cast iron by solid particles
was observed in Ref. [25]. These cracks were still

Wer o ch = (14)
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present during post-erosion SEM inspection, indicating
that no additional force was present to widen and
intersect them. Therefore, several particle impacts arc
nccessary to remove material debris under this condi-
tion. This means that Cy <1 which is in fact the
situation in the abrasive water-jet cutting of grey cast
iron with jet velocities below the ‘transition’ velocity,
wp <200 m/s. In this range, the water velocity is not
high enough to widen the cracks generated by the
abrasive particle impact: thus. Eq. (14) is not satisfied.
Increasing the jet velocity beyond the “transition” veloc-
ity, wp <200 m/s, it can first be assumed that the
lengths of the generated crack will increase. Addition-
ally, the water flow velocity will increase. A particular
combination of both effects will satisfy Eq. (14), which
allows the water flow to contribute direcily to the
material removal process. The water can open isolated
cracks and create a crack network. The embedded
graphite flakes will reinforce this process, as shown in
Ref. [20] for cavitation erosion. This process shows
some similarities to a dynamic {ragmentation process
[7). Assuming this, the average fragment size will be
reduced with increasing loading intensity [38] this is
well iltustrated in Fig. 5. With increasing material re-
moval rate and a decrease in the average wear particle
size, the number of removed target particles must in-
crease, vielding larger contact numbers with higher
pump pressures, as shown in Fig. 6.

The phenomenologic model supposed above was sug-
gested independently by observations in photo-elastic
materials subjected to abrasive water jets. In Ref. [39],
the authors concluded from photo-elastic and SEM
studies that an incessant bombardment of abrasive
particles created crack nucleation sites with crack
growth abetted by the hydro-wedge action of the
oncoming water jet.

6. Conclusions

In this study, investigations on wear particles gener-
ated during the cutting of grey cast iron by abrasive
water jets were carried out, the results leading to the
following conclusions.

1. An experimental method, based on the sieve anal-
ysis of the removed wear particles, can be used to
estimate the contact numbers for the abrasive water-jet
erosion process in grey cast iron.

2. The material-removal process is characterized by
a threshold pump pressure, p, and « threshold abrasive
particle velocity, we.

3. The material-removal efficiency is reduced at very
high pump pressures and abrasive particle velocities.

4. The average diameter of the debris removed by
the abrasive water jet has a maximum value at a
particular ‘transition’ particle velocity.

5. The estimated contact numbers are in the
range of Cy =3-11, which is higher than the con-
tact numbers estimated for dry solid particle impact
£roston.

6. The contact number increases with the abrasive
particle velocity, for low and average particle veloc-
tiles  (wp=200-350 m/s) the relationship between
abrasive particle velocity and contact number being
linear, while for lower and higher particle velocities
the progression of the curve decreases.

7. A phenomenologic model for a complex mate-
rial-removal mechanism is supposed combining the
effects of solid particle impact phenomena and the
erosive action of the high-speed water flow.

7. List of symbeols

C s constants

Cy contact number

d, sieve diameter for 0.1% overflow
D average wear particle diameter

dp average abrasive particle diameter
dy, sieve diameter for 99.9% overflow
d’ grain size distribution parameter
dyy water orifice diameter

K. critical stress intensity factor

L, critical crack length

Ly length of the cut

tHy mass of a single wear particle

Plp mass of a single abrasive particle
My mass removal

Mp abrasive flow rate

My, water flow rate

n grain size distribution parameter
Np number of removed wear particles
Np number of abrasive particles

p applied pump pressure

Pe threshold pump pressure

tg exposure time

Uy traverse rate

Vi volume removal

water jet velocity

abrasive particle threshold velocity
W, watcr-jet threshold velocity

wp abrasive particle velocity

'
«

Greek letters

x abrasive focus efficiency parameter
7 comminution number

u water orifice efficiency number

Pe abrasive material density

Pu water density
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