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Abstract
The use of cutting tools with a honed edge radius to pro-

tect the cutting edge from chipping is ever increasing. The
basic understanding of the fundamental cutting mechanics in
the presence of an edge radius is increasing as well. The
present state of knowledge leads one to question how edge-
radiused tools behave under conditions that are more practi-
cal than straight-edged orthogonal cutting. Presented here is
a study of the interaction of edge radius with corner radius,
the latter of which is commonly seen in turning, boring, and
face milling processes. Turning test data show that tool flank
wear can be minimized for up-sharp tools by using a moder-
ate corner radius. For tools with an edge radius, a wear-min-
imizing corner radius still exists but is higher than for up-
sharp tools. Physical interpretations of these direct and inter-
action effects are presented.

Keywords: Flank Wear, Orthogonal Cutting, Edge Radius,
Hone, Machining Force, Turning

Introduction
Applying a honed radius to a cutting edge to

protect it from chipping is being increasingly
employed to enhance tool life. However, it is
known that cutting efficiency drops significantly
when the uncut chip thickness drops below about
two times the edge radius. Inefficient cutting
increases mechanical and thermal loads per unit of
material being removed. Therefore, when the
uncut chip thickness is small, such as in hard
machining and drilling, edge-chipping protection
comes at the cost of increased temperatures, resid-
ual stresses, forces, deflections, and machine
power. These facts are driving a need to better
understand the pros and cons of using edge-
radiused tools and how to appropriately size the
edge radius to enhance the associated advantages.

Various studies in the 1960s (Albrecht 1961,
Palmer and Yeo 1963, Connolly and Rubenstein
1968, Nakayama and Tamura 1968) began explor-

ing the effects of the edge radius. Their efforts
have been followed by numerous more-recent
studies aimed primarily at modeling the process
when an edge radius is present, using both analyt-
ical and semi-empirical methods (Endres, DeVor,
Kapoor 1995; Waldorf 1996; Manjunathaiah and
Endres 2000; Schimmel, Endres, Stevenson 2002)
and finite element methods (Marusich and Ortiz
1994; Chen 1999; Madhavan, Chandrasekar, Farris
2000; Movaheddy, Gadala, Altintas 2000).
Building on the aforementioned early efforts,
some recent works have taken a step back to basic
orthogonal cutting experiments toward improving
the understanding of how edge radius and other
tool geometry affect cutting performance
(Schimmel, Endres, Stevenson 2000, 2002;
Kountanya and Endres 2001) to ultimately support
further and improved modeling.

While there is still much to learn about the basic
effects of the edge radius through continuing
orthogonal cutting studies, there is one generally
well-documented fact. That is, cutting becomes
less efficient, or exhibits higher specific energy,
when the ratio of the uncut chip thickness to edge
radius decreases. As noted earlier, this leads to
higher thermal loads on the cutting edge.

Uncut chip thickness is primarily driven by feed
rate. However, the corner radius* employed in
many processes also affects the uncut chip thick-
ness (see Figure 1). For this tooth geometry, the
uncut chip thickness reduces along the corner
radius and ultimately approaches zero near the tip
of the tool. If an edge radius is applied to protect
the cutting edge from chipping, the corner radius
portion, in particular near the tool tip, is subjected
to a reduced cutting efficiency. An increase in corner
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radius further reduces the uncut chip thickness, mak-
ing cutting near the tool tip even less efficient, pre-
sumably increasing temperature and tool wear.

On the other hand, it is well known that tools with
a near-zero corner radius (sharp-cornered tools, see
Figure 2) often exhibit an increase in wear that is
concentrated near the sharp corner. For example, this
is commonly seen at the outer diameter of end mills
and drills (compounded by increased local cutting
speed as well in the latter case). Therefore, one might
hypothesize that an increase in corner radius could
serve to spread the overall thermal load across a
greater region of the cutting tooth, providing a better
heat conduction path to the bulk of the tooth, poten-
tially lowering the temperature along the cutting edge
and reducing wear.

The research reported here explores the main
and interaction effects of corner radius and edge
radius on flank wear. The results show that the
aforementioned hypothesis proves true; that is,
applying a corner radius does improve flank wear
relative to that of a sharp-cornered tool. Further-
more, data acquired for edge-radiused tools show a
substantial coupling, or interaction effect, between
corner radius and edge radius.

Effect of Corner Radius—
Up-Sharp Tools

Experiment Setup
The workpiece material is AISI 1040 steel bar-

stock with a hardness of 58.5 – 61.3 HRA. A stan-
dard CTEPR 864E tool holder having a 30 deg lead

angle is used for all tests. The inserts are up-sharp
(approximately 5-10 µm edge radius), uncoated, and
of Kennametal plain carbide grade K68 (ISO C3).† A
TPG 43_ geometry is used where the last entry rep-
resents the corner radius. Four levels of corner
radius—0.2, 0.8, 1.2, and 1.6 mm, which correspond
to numbers 0.5, 2, 3, and 4—are used in the test plan.
The 0.2 mm corner radius is intended to approximate
a sharp corner, alleviating the need to modify a com-
mercially produced tool by grinding away the corner
radius, which could unknowingly alter the tool in
other ways.

Tests are conducted at three feeds: 0.022, 0.037,
and 0.083 mm/rev. These are relatively small feeds,
but are in line with those used in finish cuts and in
gun drilling of steels (an initial motivator of the
effort). Each combination of feed and corner radius
yields 12 tests, which are then repeated three times,
using the three edges of the same triangular insert,
for a total of 36 wear tests. All tests are performed at
3.05 m/s (183 m/min.) for a three-minute duration.
The depth of cut is chosen to be 2.5 mm, making it at
least three times the depth at which the lead edge tran-
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†Improved gun-drill design was the initial motivator of this research.
This grade was chosen since a more logical choice of C5 or C6 is not applic-
able in gun drills at the current state of their technology.
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sitions into the corner radius (dt = r� sin�r, so that 3dt

= 3•1.6•sin30° = 2.4 mm) for all corner radii. This
transition point is noted as the 30° point in Figure 3;
Figure 3 indicates the locations at which wear and/or
edge radius measurements are made.

Wear Results
After each cut, the insert is washed in concen-

trated HNO3 to remove any adhering build-up,
though in most cases no build-up is observed.
Flank wear is measured on an optical microscope.
Measurements are recorded as an average of three
measurements at the general location on the lead
edge beyond (into the cut) the depth of cut notch,
and a single measurement at the tool tip—the 90°
point shown in Figure 3. These two measurement
locations are referred to as “lead-edge” and “cor-
ner-edge,” respectively. Figure 4 shows a sample
image taken from the lead edge. The image con-
firms that the damage to the cutting edge is tradi-
tional flank wear and not chipping.

Wear is graphed in Figure 5 versus corner
radius for each of the three feeds. The lead-edge
data show very good consistency across the three
repetitions. Generally speaking, there is more scat-
ter in the corner-edge measurements at each con-
dition. This is probably a result of having a narrow
field of focus when viewing the rounded tool tip
from the flank perspective. Another possible cause
is that the tool tip exhibits increased sensitivity to
edge anomalies that become large at the tool tip
when considered relative to the reducing uncut
chip thickness. Specific anomalies include grind

marks and natural variation of the edge within the
nominal 5-10 µm up-sharp range.

Based on Figure 5, there is clearly a corner
radius greater than the minimum considered (0.2
mm) at which wear is minimized. The lead-edge
wear exhibits its minimum at a corner radius
somewhere between 0.2 and 0.8 mm. The corner-
edge wear shows a minimum at a slightly larger
corner radius, in particular for the lowest feed.
This result confirms the hypothesis that employ-
ing a corner-radiused tool as opposed to a sharp-
cornered tool will reduce wear. However, this is
true only to a point, in that even larger corner
radii then begin to worsen the wear rate. This
means that at some point the detrimental effect of
increased specific energy that comes with added
chip thinning (via increased corner radius),
through the associated size effect (small uncut
chip thickness relative to edge radius, among
other effects), outweighs the advantage of the
thermal load distribution effect.

The corner-edge wear is minimized at a larger
corner radius than is the lead-edge wear, in partic-
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ular for the lowest feed. This may indicate that the
thermal load distribution effect is stronger local to
the corner radius, while the lead-edge wear,
though benefiting to some degree from the ther-
mal load distribution effect, is more strongly dom-
inated by the overall thermal load. In other words,
the thermal load distribution effect of corner
radius has a direct (local) effect on the corner-edge
wear and an indirect (global) effect on the lead-
edge wear.

From Figure 5 it also appears that wear is less
sensitive to feed at corner radii close to that which
minimizes lead-edge wear, that is, the lower feed
curves are flatter. A more evident observation is
that the effect of feed on corner-edge wear is
smaller than that on lead-edge wear, that is, the
trend lines are flatter in the corner-edge wear plot
as compared to the lead-edge wear plot. Because
the local uncut chip thickness at the tool tip is not
strongly affected by feed, while that on the lead
edge is proportional to feed, this makes sense. To
expand on the conclusion earlier about corner
radius and its local and global thermal load distri-
bution effects, one can think of the feed as having
a more direct (local) effect on the lead-edge wear
and a weaker indirect (global) effect on the corner-
edge wear.

It should be noted that the effect of depth of cut
is not studied here. Further studies of its effect,
and potential normalization of that effect with
respect to corner radius, may be of interest. This
study is intended to assess differences when depth
of cut is held constant at a level that is large rela-
tive to the corner radius. It is conceivable that
when the depth of cut is smaller, around the cor-
ner-lead transition depth (dt, at the 30° point here),
that the lead-edge wear characteristics would be
more in line with the corner-edge wear character-
istics. This is so because the corner radius and its
stronger localized thermal load distribution bene-
fits would now become more “localized” relative
to the entire edge in the cut, not just the tool tip.

Furthermore, it would be expected that these
trends would continue to exist when feeds get
higher, at least to a point. That is, when feeds get
large relative to the corner radius, say greater than
one-half the corner radius, the chip geometry
“proportions” change, which may likely change
the trends seen here. However, typical applications
of corner-radiused tools do not employ feeds that

large relative to the corner radius, so these results
should be quite practically applicable.

Machining Force Results
The three machining force components—cutting,

feed, and depth—are recorded at a 1000 Hz sampling
rate for the duration of the cut, including the occa-
sional brief interruptions needed to move the tool
back to the other end of the workpiece. These inter-
ruptions occur only on rare occasions. Based on the
findings of Stern and Pellini (1993) that show cooling
to mainly affect crater wear with little effect on flank
wear, any tool-cooling effect here is considered negli-
gible. Forces at the start and end of the cut are of
interest to see what effect the corner radius might
have on forces in the fresh tool state, and how the
changes in wear across corner radii and feed rate
translate into changes in force from the start to the
end of the cut.

The corner radius is found to have little effect on
the fresh-tool cutting force and only a slight effect on
the equivalent thrust force, the latter of which is the
resultant of the feed and depth force components. To
make sense of this result, consider the often-used
force modeling approach that calculates the cutting
and equivalent thrust forces to be

(1)

where a is the chip area, the product of the feed f and
depth of cut d (ignoring the negligible “cusp” area at
the corner radius intersection), is a constant, and
u• is the specific energy for the cutting (• = C) or
thrust (• = T) direction. The power law in terms of
uncut chip thickness h is the mathematical represen-
tation of the size effect. For corner-radiused tools, it is
customary to use the average uncut chip thickness,

, where w is the equivalent width of cut—
the length of the cutting edge that is in contact with
the work material.

Typical values of the exponent are �0.3 for the
cutting direction and �0.6 for the thrust direction.
Based on these typical values, using Eq. (1) and the
related geometry equations (e.g., Endres and Waldorf
1994) that introduce the effect of corner radius on ,
one would expect force to increase only about 8% and
17% in the cutting and thrust directions, respectively,
from the smallest to the largest corner radius consid-
ered here. Such a small effect is a result of the depth
of cut being large relative to the corner radius, which

h
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causes the average uncut chip thickness to be domi-
nated by the feed with only a small effect of corner
radius. These levels of increase are consistent with the
small increases seen here across corner radii.

The percent increase in force at the end of the cut,
relative to the fresh-tool forces, tends to show more
scatter at each combination of conditions (see
Figure 6). Because both the fresh-tool forces and the
wear measurements shown in Figure 5 are quite
repeatable (low scatter for each combination of con-
ditions), it is solely the scatter in worn-tool forces
that is responsible for the scatter seen in the force
increases displayed in Figure 6. In the few combina-
tions of conditions that show extremely large scatter,
there is some evidence of chipping on the edge;
other cases may be related to build-up on the tool.
Typically, the worn-tool forces are higher, although
there are a few tests that show a decrease (negative
values in Figure 6), which is attributed to experi-
mental error.

One general trend is that the thrust force is more
strongly affected by wear, which has been docu-
mented in numerous past studies (Elanayar and Shin
1996; Taraman, Swando, Yamauchi 1974). Another
general trend, keeping in mind that lower feeds
exhibit lower wear, is that the higher feed tests are
less affected by (their higher) wear. This makes
sense because the force attributable to the wear land
is smaller at higher feeds when considered as a per-
centage of the fresh-tool forces, which are largest for
the highest feed. Finally, there is some trend with
corner radius, with the force-increase tending to be
lower around the 0.8 mm corner radius, which is
simply a result of those tools showing the lowest
wear in Figure 5.

Interaction of Corner Radius
and Edge Radius

Given the finding that corner radius does, to a point,
spread the thermal load across the tooth to reduce wear,
how does that advantage fare when an edge radius is
applied, knowing that it will exacerbate the negative
aspects associated with size effect along the corner
radius? To answer this question, two levels of edge
radius, “small” and “large,” are compared across the
four corner radii.

Edge Radius Measurements
All honed tools are measured on a Wyko white-light

interferometry instrument and processed to estimate
the edge radius at each of the four measurement points
shown in Figure 2; Schimmel, Manjunathanaiah, and
Endres (2000) described these methods in detail. For
the smallest (0.2 mm) corner radius, because it is
impractical to measure the edge radius around such a
small corner radius, only the lead-edge measurement
is made. All three corners (used for three repetitions)
on three inserts (used for the three feed rates) for each
of the four corner radius levels provide a total of nine
measurements at each edge position for each corner
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radius. Results for the three larger corner radii are
shown in Figures 7 and 8, where the “L” position is
the lead-edge position near the depth of cut and is
actually further up the cutting edge (in edge/arc
length) from the 30° position than the horizontal axes
of the plots suggest.

Each plot includes a heavy black curve, which is
a least-square error quadratic fit to the data of all
edges for that corner radius. Due to the noticeable
noise in the data, the correlation coefficients are
quite low (0.3-0.5); these curves are intended only to
give a visual summary of the general trend of all the
tools together. The large amount of noise in the data,
based on our numerous experiences measuring edge
radius, is typical as the measurements are often
plagued by grind marks, especially for these low lev-
els of edge radius (compared to large honed edge
radii that can be as high as 150 µm in practical appli-
cations). This study is yet one more motivator for
finding a better way to measure edge radius, perhaps
with a less general instrument that is specifically tai-
lored to measuring a cutting edge and the filtering of
grind mark effects.

Small-Hone Tools
The small-hone tools were requested to have a

nominal 25 µm edge radius. Figure 7 shows the max-
imum edge radius to occur around the 45° point and
to be about 20-30 µm—centered on the 25 µm target.
However, just slightly (relative to the overall length of
the lead edge) up the lead edge, the edge radius drops
by about 30-40%. These results are consistent with the
observations of Schimmel, Manjunathanaiah, and
Endres (2000) where the edge radius on the tool tip
closely matches the target value while the edge radius
along the lead edge decreases significantly.

Large-Hone Tools
The large-hone tools have about a 45 µm edge

radius at the 45° point, decreasing to about 25 µm on
the lead edge, as shown in Figure 8. These data tend
to show even more noise. We have no physical expla-
nation why the larger edge radii would exhibit greater
effects of grind marks except that their base up-sharp
inserts were from a different batch than were the
small-hone inserts; however, they were from the same
batch as the up-sharp inserts discussed earlier. The
pattern in which the edge radius is smaller on the lead
edge and larger around the 45° point is consistent with
the other batch. From this and previous studies, we

conclude that this parabolic pattern is a natural char-
acteristic of the commercial brush honing process.

Wear Results

Small-Hone Tools
The wear measurements for the small-hone tools

are shown in Figure 9. Like for the up-sharp tools,
there is again a corner radius that minimizes wear, at
least for the lower feeds. For the highest feed, wear
tends to increase with corner radius; perhaps there is
a minimum between the 0.2 and 0.8 mm corner radii.
All wear levels are higher than for the up-sharp tools
just as they should be due to the presence of a sizable
edge radius, which decreases cutting efficiency and
subsequently increases temperature and wear rate.
Like for the up-sharp tools, wear tends to be lower at
the tool tip than on the lead edge.

Large-Hone Tools
The wear on the large-hone tools is shown in

Figure 10 in comparison to the small-hone wear mea-
surements. For the larger edge radii, one would expect
a reduced cutting efficiency and a subsequent increase
in temperature and wear rate. Given that expectation,
the large-hone data appear inconsistent with wear lev-
els being higher at some corner radii and lower at oth-
ers. Apparently it is not that simple.

Another view of the data is shown in Figure 11
where trend curves have been added to highlight
an alternate perspective. That is, other than at the
lowest corner radius, wear does decrease with an
increase in corner radius, most dramatically and
quickly for the lowest feed. From this perspective,
because the wear cannot continually decrease, it
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either asymptotically reaches some level as corner
radius continues to increase, or there must be a corner
radius beyond the range studied that will minimize
wear. In either case, these data motivate one to accom-
pany a larger edge radius with a larger corner radius in
order to decrease wear. From a physical point of view,
the data demonstrate that the higher thermal loads that
come from reduced cutting efficiency at higher edge
radii require a larger corner radius to effectively pro-
vide the thermal load distribution effect seen for the
up-sharp tools.

Regarding the smallest corner radius, one must note
that its edge radius is lower (similar in size to that on
the lead edge for the other corner radii) over almost the
entire edge, unlike the larger corner radii that exhibit an
increased edge radius along the corner radius—a sub-
stantial portion of the edge. This may explain why the
wear levels for the 0.2 mm corner radius are lower than
at the larger 0.8 mm corner radius. Nevertheless, what
is most important is that the wear levels at the largest
corner radius studied are indeed less than or tending to
be less than those at the 0.2 mm corner radius, indicat-
ing that wear is in fact improved compared to the
sharp-corner option.

Wear Results Summary
One positive note is that there is one consistency

across all tools, honed or otherwise—wear levels on
both the lead and corner edges are most sensitive to
corner radius at the lowest feed.

Based on these results and the associated discussion,
there is clearly an interaction effect of corner radius
and edge radius. As the edge radius gets larger, a larg-
er corner radius is needed. This suggests that the

increased thermal load that comes from lower uncut
chip thickness to edge radius ratios for larger edge radii
requires a larger corner radius to effectively distribute
the increased thermal load to the point where wear
begins reducing. Presumably, like the up-sharp tools,
wear would eventually begin to increase at even larger
corner radii where the chip thinning exacerbates the
decreased ratio of uncut chip thickness to edge radius.

Machining Force Results
There is little more to say about the honed tool

forces beyond the earlier comments regarding the up-
sharp tool forces. Like for the up-sharp tools, the cor-
ner radius has only a minimal effect on the fresh-tool
forces. In comparing the various levels of edge radius,
there is a clear increase in force with edge radius level,
especially in the thrust direction, as would be expected.
The worn-tool force increases are again quite scattered.

Conclusions
The data presented here support the following con-

clusions regarding the interaction of corner radius and
edge radius in their effects on process performance,
measured in terms of tool flank wear and forces.

For up-sharp (unhoned) tools:

• There is a clear effect of corner radius on wear,
with a corner radius of around 0.8 mm providing
greatly reduced wear both at the lead edge and at
the tool tip, and with lower feeds showing some
shift of the wear-minimizing corner radius toward
1.2 mm.

• At corner radii close to the wear-minimizing cor-
ner radius, wear is less sensitive to feed as com-
pared to other corner radii.
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• In qualitative agreement with traditional model-
ing approaches, the increase in force compo-
nents with corner radius (from 0.2 to 1.6 mm) is
negligible in the cutting direction and only
minor in the thrust direction.

• Typically, and as expected and shown in other stud-
ies, not only are the worn-tool forces higher than
the fresh-tool forces, the percent increase is notably
stronger in the thrust direction.

For the honed tools:

• The small-hone tools show a wear-minimizing cor-
ner radius around 0.8 mm, like for the up-sharp
tools.

• The large-honed tools appear to show a wear-min-
imizing corner radius that is shifted to a higher
level, less so for lower feeds and more so at the lead
edge.

• Forces show similar trends as for the up-sharp
tools, of course with higher thrust forces for the
honed tools.

Based on these observations, the general conclusion
is that an advantage exists in using a larger corner
radius when using a larger edge radius.
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