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Evaluation of Triangular, Engineered-Shape
Ceramic Abrasive in Cutting Discs
A new engineered-shaped abrasive was tested against a standard-shaped
abrasive in discs to determine its long-term cutting ability
BY JEFFREY BADGER

Experimental

An investigation was made into a recently developed engineered-shape abrasive
taking the form of thick triangles standing upright on an abrasive disc. The cutting rate,
effect of abrasive dulling, specific energies, and grit-wear modes and mechanisms were
examined in cutting discs mounted on a hand-held angle grinder. Results were remarkable, with the engineered-shape abrasive maintaining, in spite of grit dulling, a
significantly faster cutting rate throughout the test and obtaining a much longer tool
life, which appears to be caused, at least partially, by chip formation in front of the grit.

Introduction
In the 1980s, “ceramic” abrasive was
introduced, which contained a submicron,
microcrystalline grain size (Ref. 1). When
used correctly, these abrasives fracture in
small pieces, maintaining wheel sharpness
while minimizing wheel wear. In subsequent years, different varieties of these
abrasives were produced, including a grit
that was manufactured with a specific
geometry — an engineered-shape abrasive
— which was created through an extrusion
process to yield the “spaghetti grit” with
an aspect ratio of 4:1 and later 8:1 (Ref. 1).
Recently, a new abrasive type has been
developed — a microcrystalline ceramicgrit with a unique, engineered shape taking the form of a thick triangle.
Unfortunately, little to no scientific information is available on the material-removal mechanisms or wear mechanisms of
this abrasive, other than some broad statements on the manufacturer’s website
claiming longer tool life and “less pressure
to remove the same amount of material,”
but without any supporting scientific information. Moreover, it is not uncommon
for abrasives producers to make broad
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claims about products that are, at best,
only marginally better.
Therefore, an investigation was made
into this new abrasive to determine 1) the
grit’s wear mechanisms — grit-fracture or
dulling — and if the grit-wear mechanisms
are the same as other microcrystalline
grits; 2) how the geometry of the abrasive
affects the metal-cutting action during
grinding; and 3) the energies associated
with chip removal by the abrasive.
In addition, little has been written about
the application of fiber discs in hand-held
angle grinders. Therefore, the study was designed first to investigate the behavior of
fiber discs in hand-held grinding applications, with special attention to the welding
industry, and second to investigate the behavior of the triangular, engineered-shape
ceramic abrasive in fiber discs to determine
the life of discs using the engineered-shape
abrasive, and the long-term cutting ability of
the engineered-shape abrasive; all compared to discs containing standard-shape,
fused abrasive.
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Test Setup

A fiber disc is a coated-abrasive product that is used in a variety of applications,
the most notable being in the welding industry, where it is used to remove weld
metal, typically with a hand-held angle
grinder. Although the pressure applied by
the operator will vary, this can be considered a constant-force (as opposed to constant feed rate) grinding operation.
Typically, the new disc is sharp and removal rates are high. As the disc dulls,
rubbing increases, which increases the
“push back” normal force. As a result, removal rates decrease. Eventually, the single layer of abrasive is stripped off of the
disc or the abrasive grits become so dull
that rubbing dominates, with the resulting
large normal force preventing the sufficiently large grit penetration depth necessary to form a chip, resulting in extremely
low removal rates, i.e., the disc “refuses to
cut.” At this point, the disc is discarded
and replaced with a new one.
Conditions were chosen to replicate
what happens in the welding industry. The
operator who conducted the tests is employed in the welding industry and used
his own equipment: a handle-held anglegrinder (120 V, 6 A, 11000 rev/min). Discs
were mounted on a slotted rubber pad.
The hub created a “depressed center,”
with an active diameter range from ds,i =
60 mm to the disc outer diameter of ds,o =
114.3 mm, giving an active area of As =
7434 mm2. The disc speed ranged from vs
= 34.4 m/s at the innermost usable point
to 65.8 m/s at the outer diameter.
The workpiece was a 1-m-long mildsteel rod 18.9 × 9.65 mm. The rod was
mounted vertically in a vice and scribed
every 5 mm. The workpiece was ground
down in 5-mm segments, with the opera-
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Fig. 1 — Power profile during grinding.

Table 1 — Apparent Surface Roughness
Measurements, Ra-app
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Disc A, 80
Disc B, 80+
Disc C, 36
Disc D, 36
Disc E, 36+

Plunge

Feather

~0.8 µm
~1.2 µm
~4 µm
~4 µm
~6 µm

~0.4 µm
~0.5 µm
~3 µm
~3 µm
~4 µm

Fig. 2 — Unworn engineered-shaped-abrasive disc.

less of the removal rate achieved. A forcetransducer was used to measure this force,
giving a value of FN ~10 lb (45 Newtons).
The specific energy, e, is typically calculated by e=P/Q, where P is the grinding
power in watts and Q is the materialremoval rate in mm3/s (Ref. 2). However,
the material-removal rate in weld grinding
is not constant. Therefore, specific energy
was calculated from first principles by
e=W/V

tor oscillating the grinder back and forth
during grinding while periodically stopping to check how far was left until the
next mark before resuming.
Segments were ground until either the
disc would not cut any more or until the
disc was stripped away of abrasive. Grinding swarf was collected near the ground
workpiece. Scanning-electron-microscope
photos were taken of the disc and the
grinding swarf.
Grinding power was measured with a
power meter measuring voltage and current at 100 samples/s in the single-phase,
120-V AC power supply and calculating
power in watts (W).
After every segment, the power-profile was downloaded and the specific energy was calculated. Because there were
short periods of nongrinding when the
operator checked his work, similar to as
is done in the field, the time to grind either one segment, t1sg, or two segments,
t2sg, was calculated by taking a time-summation of all points lying above a threshold power of Pth = 75 W. In other words,
the nongrinding time was not included in
the calculation t1sg or t2sg. A typical
power profile for one segment is shown
in Fig. 1.
Throughout the entire test, the operator
applied the same “moderate pressure” that
he uses when grinding in the field, regard-
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(1)

where W is the energy required to grind a
given volume of material, in Joules, and V
is the volume of material ground, in mm3.
The energy, W, was calculated from the
basic equation for work
W=

∫i

f

P ( t ) ⋅ dt

(2)

where P is the instantaneous grinding
power, after subtracting out idle power,
from the initial time ti to the final time tf.
Products Tested

Grinding was performed with two 80mesh discs and three 36-mesh discs. One
80-mesh disc and one 36-mesh disc each
contained engineered-shape abrasive.
(Mesh is a measure of grit size, which can
be approximated in standard abrasives by
dg = 15.2/M, where dg is the average grit
diameter in mm and M is the mesh size.)
The patent for the engineered-shape
abrasive (Ref. 3) states the abrasive is triangular shaped of various sizes and thicknesses, with tapered edges of various
angles, which allow the abrasive to stand
on end at various angles, giving different
“attack angles.” Grooves are put into one
side of the abrasive which, according to
the patent, give advantages in manufacturing and in self-sharpening (Ref. 3).

Figure 2 shows an electron-microscope
image of one of the discs tested here in
its new, unworn state.
The following 80-mesh and 36-mesh
discs were analyzed:
Disc A: Standard-shaped abrasive, 80mesh disc.
Disc B: Engineered-shaped abrasive,
80+-mesh disc.
Disc C: Standard-shaped abrasive, 36mesh disc.
Disc D: Standard-shaped abrasive, 36mesh disc.
Disc E: Engineered-shaped abrasive,
36+-mesh disc.
Surface Finish

In the field, the welder removes the
bulk of the material with high pressure
and then “feathers out” the surface with
light pressure in order to achieve a better
apparent surface finish, which is evaluated visually. Therefore, a roughness
gauge was used to evaluate apparent surface finish. After grinding two segments
and then ten segments, the operator took
a short plunge into two separate sections
of a piece of metal and then “feathered
out” one section to improve surface finish. The two surfaces were visually compared to the roughness gauge to obtain
an “apparent surface finish,” Ra-app, for
both plunge conditions and the feathered
conditions.
Wear Measurements

Vernier calipers were used to measure
the thickness of the outer portion of the
disc at four points (0, 90, 180, and 270 deg)
with the calipers intruding into the disc a
distance of 5 mm. This was done 1) before
grinding, 2) after a “touch off” grind was
made, and after 3) segment one, 4) segment two, and 5) segment seven.

Fig. 3 — 80-mesh disc results.

Results
80-Mesh Discs

The results of the time to grind each
segment and the specific energy in each
segment are shown in Fig. 3. For disc A, the
time to grind one segment was 34 s for a
new disc. This gradually increased, to 281 s
for segment 8. After segment 8, the disc
“refused to cut,” with the operator spending several minutes grinding with very little
progress. Testing was then stopped.
For disc B, the time to grind one segment was 20 s for a new disc. This also increased gradually, to 27 s per segment at
segment 59. After 59 segments had been
ground, it appeared that the test would go
on too long. Therefore, the operator proceeded to grind material without cessation, i.e., not pausing to check size or to
download data. At segment 69, the disc
was eventually stripped of a layer of abrasive and testing was stopped.
In disc A, specific energy started at 10.6
J/mm3 for segment 1 and increased to 64.3
J/mm3 for segment 8. In disc B, specific energy started at 6.8 J/mm3 for segment 1
and increased to 8.3 J/mm3 for segment 59.
36-Mesh Discs

The results for three different 36-mesh
discs are shown in Fig. 4. Disc C and disc

Fig. 4 — 36-mesh disc results.

D gave similar results. For a new disc,
grinding of two segments required about
50 s and produced a specific energy of
about 8 J/mm3. As grinding proceeded, the
time to grind increased significantly, to
193 s for disc C and 172 s for disc D after
10 segments. Specific energies also increased, more than doubling after 10 segments. Shortly after beginning to grind
segment 11, both discs “refused to cut,”
and the operator continued to grind for
several minutes without making significant
progress. The test was then terminated.
Disc E, containing the engineeredshape abrasive, showed vastly different results. The time to grind two segments was
around half the other two discs (25 s) and
stayed steady throughout 32 segments,
possibly decreasing slightly. The specific
energy was around 40% lower than the
other two discs and also stayed steady.
After 32 segments, disc E showed very
little visual signs of wear. Considering the
long time required in the 80-mesh tests to
obtain disc failure, the test was terminated
before disc failure.
Surface Finish

Table 1 gives the measured apparent
surface roughness of the workpiece during
grinding after the second segment was
ground, both after a straight plunge and
after a straight plunge followed by a feath-

Table 2 — Disc Ratio, Dr

Disc A, 80
Disc B, 80+
Disc C, 36
Disc D, 36
Disc E, 36+

Vf (mm3)

Dr (mm3/mm2)

8,200
63,000
9,100
9,100
>>31,000

1.1
8.5
1.2
1.2
>>4.2

ering out. The visual roughness did not
change noticeably between Segment 2 and
Segment 10.
In all cases, the feathering action reduced the apparent roughness, particularly with the 80-mesh discs. As expected,
the larger-grit discs produced a rougher
apparent surface roughness. In both the
36-mesh and 80-mesh cases, the engineered-shape abrasive gave a rougher apparent surface roughness, after both the
straight plunge and after feathering.
Abrasive-Wear Depth

Figure 5 shows wear depth vs. the number of segments ground for disc A and disc
B. Because the disc is not dressed, the
height of the single layer of the grits varies
drastically around the area of the disc, similar to a single layer in electroplated
wheels (Ref. 4). In addition, initially the
disc will not contact on all areas. ThereWELDING JOURNAL 109-s
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Fig. 6 — Material-removal parameter.
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Fig. 5 — Wear-depth results.

Fig. 7 — Material-removal parameter and specific energy.

Table 3 — Material-Removal Parameters and Specific Energy

H and L, high
Disc A, new
H and L, low
Disc A, worn

∧45N (mm3/45N)

e (J/mm3)

30
30
3
3

20 (100% higher)
10 (50%)
110 (+69% higher)
65

fore, there will be a large scatter in measurements, as shown in the figure. However, if the average value is taken, the
general trend of rapid initial wear is apparent, as the high grits are either knocked
out or flattened, with the spread in measurements decreasing as the disc wears. In
disc B, which contains the engineeredshape abrasive, the initial spread is
smaller, perhaps owing to the more uniform height of the upright abrasives. In addition, it can be seen that disc wear is also
rapid and then steady.

Discussion
G-Ratio D-Ratio

The G-ratio, Gr, is frequently used to
evaluate grinding wheels. It is the ratio of
110-s APRIL 2014, VOL. 93

the volume of workpiece ground, Vwp, to
the volume of wheel worn away during
grinding, Vwh, according to Gr = Vwp/Vwh.
If this method is used, taking into account
only the active area of the disc and the
depth of abrasive lost at the end of the test
(~0.15 mm), the values obtained are Gr =
7.4 for disc A and Gr = 56.4 for disc B.
However, coated abrasives contain only
a single layer of abrasive, so the G-ratio
measurement can be misleading. In grinding, wheel wear can mean a loss of workpiece dimensional tolerances, which isn’t
an issue in disc grinding. In the case of
discs, the relevant measurement is the
amount of work that a single disc can accomplish, regardless of the wear depth of
the disc.
Therefore, the more relevant measurement is D-ratio, Dr, which is the volume of

material ground away at disc failure, Vf, divided by the active abrasive area, As, according to Dr = Vf /As. Results are given
in Table 2.
Disc Ratio, Dr

In the 80-mesh tests, disc B gave nearly
eight times the life of disc A. In addition,
because segments 59 to 69 were ground
without cessation, there was no additional
time available for heat to conduct away
from the workpiece. It is possible that this
resulted in higher temperatures, which
may have accelerated disc failure.
Testing of disc E was stopped with very
minimal visible wear of the disc. Considering this, it appears that the life of disc E
would have been at least an order of magnitude greater than discs C and D.
Metal Removal Parameter

In 1971, Hahn and Lindsay introduced
the “metal removal parameter” (Ref. 5),
which is the material-removal rate per unit
normal force, given as
Λ = Q / FN

(3)
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Fig. 9 — Worn ceramic grit (Ref. 7).

Table 4 — Grit Densities
Ng (grits)
Disc A, 80
Disc B, 80+
Disc C, 36
Disc D, 36
Disc E, 36+
Shaw, 80-mesh
Shaw, 36-mesh

38
18
9
10
4.5

Cg (grits/mm2)
5.4
2.5
1.3
1.4
0.6
4.2–12
1.7–5.6

where Q is the material-removal rate in
mm3/s and FN is the normal force in Newtons. In surface grinding, this parameter
can be misleading as it implies that normal
force is specified, giving a resulting material-removal rate, which may explain why
the concept has not caught on in the past
40 years in spite of its utility. It is, however,
very relevant in disc grinding, as the operator pushes on the material with a fixed
normal force (in this case, 45 N) and the
material-removal rate achieved is based
on the cutting ability of the wheel, i.e., the
wheel sharpness.
Therefore, the parameter Λ45N can be
defined as the material-removal rate that
is achieved from 45 N of near-constant applied normal force, with units of mm3/s
achieved removal rate per 45 N of constant applied force, or mm3/s/45N. Using
the time to grind one segment, when the
disc was in contact with the workpiece, and
the volume of one segment, results shown
in Fig. 6 are obtained.
The material-removal parameter for
disc A when new was approximately Λ45N
= 30 mm3/s/45N. This quickly decreased,
to 3.2 mm3/s/45N. Disc B, in contrast,

started off at a
much
higher
value, around
=
46
Λ45N
mm3/s/45N, before dropping
and then increasing again
and then slowly
decreasing. A
line-fit shows a
steady decrease
in cutting ability.
In spite of this, Fig. 10 — Worn 36-mesh grits.
at the end of its
life, the cutting
ability of disc B
had decreased
only 20% and was still achieving a higher
material-removal rate than disc A had
achieved when new.
Specific energy is an inverse measure
of the efficiency of the process. A higher
specific energy means that more energy
was required to remove the same amount
of material, i.e., the process is less efficient. In general, low specific energies are
desirable and indicate a grinding process
with more cutting and less rubbing. The
relationship between Λ 45N and specific
energy is shown in Fig. 7. Here a direct
correlation can be seen between the two,
with increasing cutting ability giving a corresponding low specific energy. It is interesting to note that, although discs
containing the engineered-abrasive gave
higher values of Λ45N and lower values of
e, there does not appear to be a difference
in the curve for discs containing the engineered-shape abrasive compared to discs
containing the standard-shape abrasive. It
can also be seen that the material-removal

parameter appears to rise asymptotically
toward some constant value of specific energy, around 4 to 5 J/mm3.
Effect of Grit-Path Shape

This asymptotic minimum energy was
given by Malkin as the chip-formation energy (Ref. 6). Malkin found a minimum
chip-formation energy for steel of 13.8
J/mm3. Other researchers have found similar or lower values, as low as 10 J/mm3
when grinding with CBN at high speeds
(Ref. 2). The values obtained here are
even lower, and merit investigation.
Hahn and Lindsay (Ref. 5) performed
cylindrical-grinding experiments with an
80-mesh wheel under a variety of conditions and obtained a curve of specific energy vs. material-removal parameter
similar to that shown in Fig. 7. This curve
exhibited the “size effect,” showing that
with increasing chip thickness, specific energies decrease due to an increased pro-
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Fig. 8 — Trochoidal vs. straight path for surface grinding and face grinding.
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Fig. 11 — Worn, engineered-shape 80-mesh disc.

Fig. 12 — Worn, engineered-shape 80-mesh grit.

Table 5 — Maximum Chip Thickness Values

WELDING RESEARCH

Disc A, 80
Disc B, 80+
Disc C, 36
Disc D, 36
Disc E, 36+

Fig. 13 — Semiworn, 36-mesh, engineered-shape
grits.

portion of cutting over rubbing. These values can be compared to the values obtained here for the 80-mesh discs at the
same material-removal parameters, as
shown in Table 3. At Λ45N = 30, Hahn and
Lindsay obtained a value of e = 20 J/mm3,
whereas Disc A (at segment 1) gave a
value of e = 10 J/mm3 (50%). At Λ45N =
3, Hahn and Lindsay obtained a value of e
= 110 J/mm3, whereas Disc A (at segment
8) gave a value of e = 65 J/mm3 (59%).
In both cases, the specific energy for the
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Vw (mm/s)

hmax (µm)

0.15
0.25
0.19
0.22
0.39

0.31
0.59
0.70
0.73
1.50

disc was about half of that of standard cylindrical grinding. This indicates that there
may be something inherently more efficient
with disc grinding than with plunge grinding, regardless of the grit shape.
Disc grinding is a form of facegrinding. The chip shape in face grinding
is different from the chip shape in standard plunge grinding. In plunge grinding
the grit follows a trochoidal path where, in
up-grinding, the grit contacts the workpiece with an effective chip thickness of
zero and then increases to its maximum
chip thickness near the exit point (Ref. 6),
as shown in Fig. 8. (In down-grinding, it
enters at maximum chip thickness and
exits at an effective chip thickness of zero.)
At the entrance, the contact mode is rubbing regardless of the sharpness of the grit
because of the zero chip thickness. Then,
if the grit is sufficiently sharp, the contact
mode shifts to plowing and then cutting. If
the grit has a wear flat, the period of rubbing will be longer or the grit may only rub
and not cut.
In face-grinding, the grit enters at maximum chip thickness and maintains this
chip thickness throughout (Ref. 6). Therefore, if the chip thickness is sufficiently
large to form a chip, it will form this chip
at the entrance point, avoiding the rubbing
regime. This may explain why the grits in
the new standard-shape abrasive were able
to achieve such low specific energies – they
avoided the rubbing regime. As will be
seen later, it may also explain why even

dull grits in the engineered-shape abrasive
were able to achieve low specific energies
and high material-removal rates, a genuine anomaly in abrasive processes.
Wear Mechanisms

The submicron grain size of ceramicabrasive increases its toughness (Ref. 1).
To function properly, the forces acting on
the grits during grinding need to be sufficiently large to induce microfracture of the
grits (Ref. 7). This is achieved with a large
maximum chip thickness. If this chip thickness is not sufficiently large, the grits become dull, resulting in excessive rubbing
and a significant increase in grinding
forces and specific energy. An electronmicroscope image of a grit in a worn,
properly functioning ceramic-grit grinding
wheel is shown in Fig. 9. Here the microfracturing at the grain tip can be seen.
An electron-microscope photo of a disc
C, containing standard abrasive, at the end
of its life is shown in Fig. 10. Several extremely dull, standard-shape grits can be
seen. Figure 11 shows disc B, containing
the engineered-shape abrasive, at the end
of its life. In the foreground the worn area
of the disc can be seen; in the background
the unused area can be seen. In both the
standard-shape abrasive and the engineered-shape abrasive, the grits appear
very worn.
The appearance of dull grits in the
standard-shape-abrasive disc is not surprising considering the large specific energies and low material-removal rates at the
end of its useful life. The appearance of
dull grits in the engineered-shape-abrasive
disc, in contrast, is surprising. It appears
that the grits in the engineered-shapeabrasive disc are not self-sharpening but,
rather, they are developing wear flats.
Wear flats are detrimental to grinding
performance and drastically increase specific energies. This has been measured in
numerous grinding operations for a vari-

Badger 4-14_Layout 1 3/12/14 4:05 PM Page 113

B

E

Fig. 14 — Grit rake angles and chip paths.

ety of workpieces and abrasive types under
a variety of conditions (Refs. 1, 2, 5, 6, 8).
Therefore, it appears that the disc is
able to cut efficiently even with the development of wear flats, which is remarkable.
This contradicts a vast body of research
showing that wear flats are detrimental to
cutting ability. Therefore, additional SEM
images were taken of worn disc E before it
had reached the end of its life. Figure 13
shows three SEM images of increasing
magnification of a slightly worn, 36-mesh,
engineered-shape-abrasive disc.
In the top image, it can be seen that
many of the grits have not yet begun to
cut. As the magnification is increased
(middle and bottom images), it can be
seen that those that have begun to cut
show bond material eroded away from a
grit surface that has developed a significant wear flat. Therefore, it appears that,
in engineered-shape abrasives, wear flats
develop very early in the process and continue through the life of the abrasive. This
leads to the question of how these dull
grits are able to still achieve low specific
energies and high material-removal rates.
Rake Angle

The rake angle for the cutting point,
αcp, and the rake angle just below the
wear flat, αbf, can be defined as shown in
Fig. 14 for 1) a standard-shaped abrasive
with no wear flat and a cutting-point rake
angle of αcp= –50 deg; 2) a standardshaped abrasive with a wear flat (αcp = 90
deg) and a rake angle below the wear flat
of αbf = –50 deg; 3) an engineered-shape
abrasive with a wear flat (αcp = 90 deg)
and a rake angle below the wear flat of
αbf = 90 deg; and 4) an engineeredshape abrasive with a wear flat (αcp = 90
deg) and a rake angle below the wear flat
of αbf = 10 deg.
Due to the blocky geometry of the
grit, the rake angle becomes less negative
with increasing depth into the grit from

C

D

F

Fig. 15 — Specific energy vs. chip thickness.

Fig. 16 — Apparent surface roughness vs. chip
thickness.

an average value of α = –80 deg at a
depth of 1 μm to a value of α = –63 deg
at a depth of 15 μm (Ref. 9).
These small angles are not conducive
to chip formation. In fact, even if the grit
penetrates sufficiently deep into the material to cause chip formation, these negative rake angles induce huge strains and
shearing energy. The chip is formed by an
extrusion process, where material is
squeezed in front of the grit in a frontplowing operation and then extruded out
to the sides of the grit. This is shown in
Fig. 14E. This results in large forces and
large specific energies (Ref. 6).
Engineered-shape abrasive, in contrast, maintains a value in the region of
αbf = –38 to 38 deg (Ref. 3) depending on
the orientation of the grit with respect to
the direction of cutting, with most angles,
based on the grits visible in Fig. 13, at
around αbf = 0 deg. These angles are
more conducive to chip-formation in
front of the grit than to chip-formation
via extrusion to the sides of the grit. In
other words, provided that the grit-penetration depth is sufficient to overcome
any rounding at the cutting edge, the
abrasive may act more like an insert, with
a cutting action more akin to turning

Fig. 17 — Examples of swarf.

(with the chip forming in front of the
tool) than to grinding. This is shown in
Fig. 14F. Also, this may explain the low
specific energies seen in the study.
Grit Density and Maximum Chip Thickness

The grit density, Cg, was measured by
placing a hand-held optical microscope
flush against the surface of the disc and
counting the number of grits visible, Ng, in
the visible area (d = 3 mm, A = 7.1 mm2).
It was assumed that each grit represented
one cutting point. Several measurements
were taken both on the new and worn surfaces and an average was taken. No evidence of grit pullout was seen and no
discernible difference was seen in the values between the new and the worn surfaces. Values for the five discs are given in
Table 4. Shaw gave values of measured grit
densities for grinding wheels of different
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Table 6 — Requirement to Grind 1M mm3 of Material
Disc A
Segments/disc
Discs required for 1M mm3
Average time (s/segment)
Disc-change time (s)
Total disc-change time (h)
Grinding time IM mm3 (h)
Total time for 1M mm3 (h)

hardnesses. These are also given, for 80mesh and 36-mesh wheels (Ref. 8).
In the standard-shape abrasive, grit
densities were on the lower end of the
spectrum of values given by Shaw. This is
not surprising considering that dressing in
grinding, which does not occur in discs,
will bring more grits to the surface. The
grit density in the engineered-shape abrasive was much lower, with Cg in the standard-abrasive discs being around 2.2 times
Cg for the engineered-shape abrasive.

WELDING RESEARCH

Chip Thickness and Cutting Ability

The calculation of the maximum chip
thickness, hmax, in face-grinding is given as
(Ref. 6)
2 νw
C ⋅ r νs
(4)
where vw is the plunge speed, C is the cutting-point density, r is the chip shape factor, and vs is the disc speed.
If the disc speed at a mean diameter in
the worn region at ds = 100 mm is used, a
plunge speed based on the contact time to
grind one segment, the grit densities given
above and a shape factor of r = 10 (Ref. 2),
the results shown in Table 5 are obtained.
It can be seen that hmax is larger for the
larger grits, as expected due to the lower
cutting point density and also the faster
cutting rates (larger vw); and that hmax is
larger for the engineered shape than for
standard grits for the same reasons.
The specific energy for a given maximum chip thickness is given in Fig. 15. The
specific energy decreases with increasing
maximum chip thickness, a phenomenon
often referred to as the “size effect.” However, it appears that, for a given maximum
chip thickness, the specific energy in the
engineered shape abrasive is lower than in
the standard-shape abrasive. This could be
due to the uncertainty in the C·r term in
Equation 4. Malkin found that, as grit size
became larger (Ref. 10), forces did not
change as much as predicated in the equation for maximum chip thickness. He speculated that, while the cutting-point density
may decrease with increasing grit size,
there is an associated decrease in the ratio
of chip width to chip thickness, causing the
C·r term to remain nearly constant. In the
case presented here, this appears unlikely.
hmax =
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6
183
54.9
60
3.05
33.5
36.6

Disc B
69
16
20.5
60
0.27
12.5
12.77

A change in the C·r term will move the
curve to the left or the right, but it will not
change the specific energies. The specific
energy in the standard-shape abrasive appears to converge to a value of around 8
to 9 J/mm3, whereas the specific energy in
the engineered-shape abrasive appears to
converge to a specific energy of around 4
to 5 J/mm3, which is very low compared to
chip-formation energies in grinding found
by other researchers (Ref. 2).
This again indicates a much more efficient chip-formation process in the engineered-shape abrasive, pointing toward
chip flow, at least in part, in front of the
grit along the near 0-deg rake angle.
Figure 16 gives the apparent surface
roughness vs. maximum chip thickness for
both the plunged surface and the feathered surface. Surface roughness increased
(worsened) with maximum chip thickness,
as is typical (Ref. 6). However, it also appears that for a given maximum chip thickness, the surface roughness is lower in the
engineered-shape abrasive.
This is unique, as typically surface roughness improves with increasing specific energy due to increased rubbing and plowing.
Here the C·r explanation from above could
apply, as a shift in the maximum chip thickness could cause the curves to line up. Another explanation is again due to the
chip-formation process. Chip-formation to
the side of the grit has an associated plowing
component, causing deep grinding
scratches. Chip-formation to the front of the
grit would have a lesser plowing component,
giving a better (lower) surface roughness for
a given maximum chip thickness.
Swarf Analysis

Swarf was collected after grinding with
discs C and E. To the naked eye, the swarf
collected from disc C was powdery, and
particles did not stick together. However,
swarf collected from disc E was in a “steel
wool” form, and large amounts could be
picked up at once due to the chips clinging together.
Figure 17 shows SEM images of the
swarf. Swarf from the engineered abrasive
looked similar to typical grinding swarf
from grinding of steel with standard-shape
abrasives (Ref. 6), with long, randomly oriented chips. Swarf collected from the stan-

dard abrasive looked markedly different.
Most of the swarf consisted of fine globules, which indicates melting. As shown by
Shaw (Ref. 8), melting rarely if ever occurs
at the abrasive/workpiece interface.
Rather, it occurs due to the exothermic reaction of iron and oxygen as the chip flies
away from the workpiece.
Therefore, it is unlikely that melting is
occurring at the grit/workpiece interface.
However, higher workpiece surface temperatures before chip formation would
create a greater likelihood of chip melting
during oxidation. Therefore, it appears
that the workpiece surface temperature is
much higher with the standard-shape
abrasive, which is likely considering the
higher specific energies.
Ceramic-Grit Fracture Modes and
Future Work

SEM images of worn and even slightly
worn engineered-shape abrasives do not
show microfracturing, but rather show wear
flats, as shown in Figs. 11–13. Therefore, it
appears that, unlike its ceramic-grit predecessors, the most unique characteristic of
the engineered-shape ceramic abrasive is
not its microfracturing ability, but rather the
near 0-deg rake angle below the wear flat,
which allows cutting to occur even when the
grit is dull. Therefore, the grit-wear mechanism of microfracturing seen previously is
not occurring in the engineering-shape
abrasive tested under the conditions here.
This brings up several considerations
that could be important in future work.
First, considering that the grit appears not
to be microfracturing and that grit-fracture
is not necessary for the successful function
of the engineered-shape abrasive, it seems
reasonable to suspect that standard, fusedabrasive produced in the triangular engineered-shape would yield the same
consistently low specific energies and high
material-removal rates under constantforce conditions. Testing would be necessary
to determine this.
Second, engineered-shape abrasive has
now been introduced in bonded-abrasive
grinding wheels. Here the situation should
be different, with the orientation of the
abrasive no longer being upright, presenting the near 0-deg rake angle. Instead, it
is assumed that the grits would be randomly distributed throughout the bond,
presenting both extremely positive and extremely negative rake angles. Again, testing would be necessary.
Third, if the engineered-shape abrasive
is used in standard grinding, with its associated trochoidal path, the grit will no longer
enter the workpiece at maximum chip thickness. Rather, in up-grinding, it will enter at
zero depth and increase to maximum chip
thickness. In down-grinding, it will enter at
maximum chip thickness and decrease to
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Production Times
Although the engineered-shape-abrasive discs gave much longer life in both grit
sizes, this is unlikely to be their primary
advantage. A longer disc life is a benefit,
but not if the disc does not cut well.
Welders are more interested in achieving
higher material-removal rates, i.e., they
want to be able to grind quickly and with
minimal effort while achieving an acceptable surface finish.
If the end-of-life criterion is taken as
either disc failure, i.e., a final stripping
away of the grits; or Λ45N dropping below
9 mm3/s (in this case a cutting time greater
than 100 s for one segment); then disc A
is able to grind 6 segments before a disc
change is required and disc B is able to
grind 69 segments before a disc change is
required. Applying the criterion above, the
average time to cut one segment was 54.9
s for disc A and 20.5 s for disc B. Therefore, to grind a volume of 1,000,000 mm3
(1M mm3) would require 183 discs when
using disc A and 16 discs when using disc
B. If it is assumed that the disc is in contact
with the workpiece for half the time, with
the rest being checking of the work, etc.,
that gives a grinding time of 33.5 h for disc
A and 12.5 h for disc B. If a disc change requires 60 s, then the total time to remove
1M mm3 of material is around 37 h for disc
A and 13 h with disc B. These figures are
given in Table 6.
The only apparent drawback in using the
engineered-shape-abrasive disc appears to
be the rougher apparent surface finish. If
this is problematic, it can be solved by either

additional time feathering out the surface
or by switching to a finer grit size.

move material much more quickly with
fewer disc changes when compared to
discs containing standard-shape abrasive.

Cost and Trade Names
Information on the economics of the
discs and trade names has been purposely
omitted from this work. Information can
be obtained by contacting the author.

Conclusions
1) In disc grinding, discs containing engineered-shape abrasives in an upright,
thick, triangular form give higher initial
material-removal rates than discs containing standard-shape fused abrasive, with no
significant decrease in material-removal
rates through its life.
2) In disc grinding, engineered-shape
abrasive dulls, but it is able to cut at high
material-removal rates and low specific
energies in spite of this dulling. This may
be due to the near 0-deg rake angle just
below the dull region.
3) In disc grinding, engineered-shape
abrasives may, at least in part, have a chipformation process similar to turning, with
chip formation in front of the grit.
4) In disc grinding, engineered-shape
abrasives give very low specific energies, in
the region of 5 J/mm3, even when dull.
This appears to be due to chip-formation
in front of the grit and the large maximum
chip thickness at the grit entrance in face
grinding.
5) In disc grinding, standard-shape
abrasives give lower specific energies than
in plunge grinding. This appears to be due
to the large maximum chip thickness at the
grit entrance in face grinding, which avoids
some of the rubbing and plowing in plunge
grinding seen in the trochoidal path before
the transition to cutting.
6) In disc grinding, discs containing engineered-shape abrasives are able to re-
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zero depth. In both cases, there is a period
of zero to near-zero penetration into the
workpiece. Therefore, rubbing from a wear
flat may cause higher specific energies than
were seen here. Testing would be necessary
to determine this.

