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Figure 3.9 SEM images with EDS spectra of the rake face morphology of a HSS insert
with Balzers multi-layered WC/C+TiAlIN coating, after a length of cut of 100m.
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Figure 3.10 SEM images with EDS spectra of the rake face morphology of a HSS insert
with Balzers WC/C+TiAIN multi-layered coating, after a length of cut of 200m.
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Figure 3.11 SEM images with EDS spectra of the rake face morphology of a HSS insert

with Balzers WC/C+TiAIN multi-layered coating, after a length of cut of 500m.
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3.2.4 Analysis of chip morphology

The chamfer fabrication leads to significant changes in the shape of the chips (Figure
3.12) produced during machining. The chips formed using the cutting inserts without a
chamfer exhibit significant curling (Figure 3.12, a). In contrast, the chips that are formed
when using cutting inserts with a chamfer on the rake face have almost no curl at all

(Figure 3.12, ¢).

insert
without
chamfer

insert
with
chamfer

Figure 3.12 Types of chips for HSS turning cutters with multi-layered
WC/C-TiAIN coatings. Length of cut 96 m.
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In addition to this, comparing the images b) and d) in Figure 3.12, it appears that the
chip is smoother when cutting with a tool chamfered on the rake face.

It is known that chips consist of a few typical zones. There is a zone of dynamic re-
crystallization at the chip/tool contact area (Zone 1) and an extended deformation zone
(Zone 2), that is far away from the interface. More heat flux goes into the chips causing
more intensive re-crystallization to occur. This is exhibited in the grain coarsening of the
chips within the contact zone (Figure 3.13 c). Figures 3.13, b-c show the dynamic re-
crystallization of the chip contact zone for the inserts with chamfers on the rake face.
Figures 3.13, e-f present similar images for the tools without chamfer. We can see that
more intensive re-crystallization of the contact zone is taking place for chamfered inserts,
because the thickness of this zone (Zone 1) is significantly wider and the grains are

coarser.

When chips slide along the rake face of the turning insert, the curved flow lines are
formed due to friction. More intensive metal flow results in intensive deformation within
the extended deformation zone (Zone 1). Due to the higher intensity of deformation,
Zone 2 is thinner (Figure 3.13, a and d). On the other hand, the tool-chip contact length,
that can be measured directly using Figure 3.7, c-f is higher for the tools without the
chamfer. This means that in-situ frictional characteristics chips are supposed to be better
as well as the curling of the chips should be more intensive for the cutting tools with

chamfers.
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Insert with chamfer on rake face Insert without chamfer on rake face

Figure 3.13 SEM images of the chips cross-sections for HSS inserts with multi-layered
WC/C - TiAIN coatings. Length of cut 96 m; Zone 1- contact zone of the dynamic
re-crystallization; Zone 2-extended deformation zone.

87




M.A.Sc. Thesis — Diana Banciu McMaster University — Mechanical Engineering

However, due to intensive heat flux into the chip (thicker zone of dynamic re-
crystallization and coarser grain sizes, Figure 3.13), chips are fornﬁng without curling.
The cause of this beneficial heat redistribution is the formation of protective tribo-films.
These protective films have less time to form, due to the chipping that occurred when the

inserts without the chamfer were used (Figure 3.7, c).

When inserts with chamfers were used, a more gradual wear process was observed,
that resulted in wear rate stabilization, as shown by the high concentration of Al on the

insert in the tool-chip contact area.

3.3 Extracting the shape of ‘natural’ wear

As mentioned earlier in this chapter, the process of adaptation is taking place during the
running—in stage of tool wear. This is a very complex process related to the geometrical,
chemical, structural and other transformations within the friction zone.

The “geometrical adaptation” refers to the geometrical changes of the cutting wedge
that take place during cutting. This process results in the formation of a quasi-stable
shape of the cutting edge, as well as stabilization of the wear rate. The shape of the
cutting edge that corresponds to this point of transformation, from non-equilibrium
(running in) to the quasi-equilibrium (stable) stage of wear and corresponding cutting

wedge geometry, is the so-called shape of ‘natural’ wear.
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Using a chamfered cutting tool we can create quasi-stable wear conditions and
eventually observe an evolution of the cutting edge shape vs. the length of cut. Intensive
wear takes place on both faces of the inserts (Figure 3.14) and eventually the hard coating
is intensively wearing on the rake surface. The area of wear is wider due to the lower
stress concentration, when compared to the tools without the chamfers (Figure 3.14, b-c).
From the images presented in Figure 3.14, e-f, the ‘natural’ wear shape can be

determined.
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Insert without chamfer Insert with chamfer

New
tool

200m

Figure 3.14 SEM images of cross-sections of coated HSS inserts with and without

chamfer, for different lengths of cut.
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3.4 Modeling the shape of ‘natural’ wear as a chamfer

The results of the modelling of the worn cutting edge at the transition from the running in
to the stable wear stage were used to justify the design of the adaptive cutting tools.
Based on the cross-sections shown in Figure 3.15 and the calculations performed, the
chamfered cutting tools have been used with negative rake angles 5-10° and various types
of chamfers of 150 microns (Figure 3.15, a-j) and 350 microns (Figure 3.15, k). The

chamfered rake face design was compared to the variety of different cutting edge designs.
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Figure 3.15 Chamfer designs that mimic ‘natural’ wear
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Figure 3.15 (continued) Chamfer designs that mimic ‘natural’ wear

3.5 Cutting tests with the new chamfered tools that mimic natural tool wear

Due to the difference in failure mechanisms for the HSS cutters under moderate cutting
speed conditions and cemented carbide cutters under high-speed conditions, the impact of
the cutting edge design on their adaptability is considered separately for the two types of

cutting tools.
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3.5.1 High Speed Steel Tools

The HSS inserts were manufactured in Great Britain and coated with Balzers Hardlube

multi-layer coating.

The cutting tests performed showed that the double chamfered rake surface (Figure
3.15, c) resulted in a significant tool life improvement (Figure 3.16). This shape
corresponds to the shape of ‘natural’ wear of the cutting edge at the specific point of
transformation, from running-in to the post running-in stage when the wear rate drops
significantly (Figure 3.16). This chamfer obviously strengthens the cutting edge and
prevents deep surface damage (Figure 3.16, d-f). This leads to wear rate stabilization and
improves the overall wear behavior and chip formation during cutting.

The size of the chamfered zone is the other important parameter. An increase in the
total length of the double chamfered zone from 150 up to 350 microns results in critical
tool life improvement due to the relationship with the value of the uncut chip thickness.

We can assume that the wear rate stabilization of the double chamfered tools is also
associated with the microstructure of the tribo-films that are formed. Low wear intensity
could indicate the formation of more stable tribo-films. Thus the geometrical adaptability
could affect the structural adaptability. Further research is needed to confirm this

hypothesis.
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Figure 3.16: Flank wear vs. length of cut for HSS turning inserts with WC/C+TiAIN
multi-layered coating, for different designs of cutting edge. Workpiece material: steel
4340 (HRC 40); cutting speed = 100 m/min; feed = 0.11 mm/rev; depth _of cut = 0.5 mm.
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3.5.2 Cemented Carbide Tools

The evolution of surface morphology for cemented carbide inserts was presented earlier
in Figure 3.4 and Figure 3.8. Tool life has been studied under two significantly different
cutting conditions: high-speed machining of annealed 1040 steel (HB 220), and turning
of 4340 steel (HRC 50).

Under high speed cutting conditions, thermal processes are dominating, but stresses
at the work-piece/tool interface are moderate due to the fact that the annealed workpiece
material has been machined. The second type of cutting conditions is the machining of
hardened steel (HRC 50) under moderate cutting speed (Figure 3.17). In this case the

stresses generated at the work-piece/tool interface play a decisive role.

Flank wear, mm

0 200 400 600 800 1000 1200 1400 1600 1800
Length of cut, m

Figure 3.17: Flank wear vs. length of cut of cemented carbide turning inserts with mono-
layered TiAIN coating, for different designs of cutting edge. Workpiece material:
4340steel (HRCS50); cutting speed=182 m/min; feed =0.1 1mm/rev; depth of cut =0.5 mm.
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During machining of hardened 4340 steel, when stress related processes dominate,
the most efficient design of the cutting edge is similar (Figure 3.17). Chamfering of the
rake surface stabilizes the wear rate at a lower level and significantly widens the stable
stage of wear. Slightly better wear behavior of the chamfered rake surface with the
cutting edge rounding could be explained by intensive stress concentration of the cutting
edge during machining of hardened steel.

The rake face chamfering of cemented carbide inserts results in a better load bearing
capacity of the cutting edge and improves stress and temperature distribution at the tool
surface. This probably prevents intensive plastic lowering of the cutting wedge during
friction, which results in better wear rate stabilization under high speed machining
conditions. The data presented shows that all the other types of cutting edge designs
exhibit linear wear curves, which means that the wear rate is high. On the other hand, the
rake face chamfering improves tool life due to a low level of wear rate stabilization, after
a short period of time (Figure 3.17).

The length of the chamfers is also important. Table 3.2 presents the impact of the

chamfer lengths on the tool life of coated cemented carbide turning inserts.

Table 3.2 Relative tool life of the cemented carbides with TiAIN coating
vs. length of chamfers on the rake face.

Length, microns Relative tool life
30 0.9
50 1.0
100 1.04
150 1.1
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It can be noted that the length of the chamfer has a lower impact on the tool life of
chamfered cemented carbide tools than in the case of HSS tools. This could be explained
by the more stable wear mode of the cemented carbide cutters, as compared to the more
stochastic surface damage of HSS cutters under attrition wear conditions.

The optimal design of the cutting edge strongly depends on the cutting operation and
the design of the cutting edge. For turning operations the best tool life corresponded with

the inserts that have a chamfered rake surface.

3.6 Discussion of results

The fabrication of a chamfer on the rake face proved to strengthen the cutting
wedge, which resulted in the prevention of its plastic lowering and stabilization of the
wear rate. Experimental results of cutting with carbide tools have shown that an increase
in the facet length from 50 pm to 150 um led to a significant tool life improvement.

In the case of HSS turning inserts the length of the chamfer on the rake face had an
even more beneficial effect on tool life, due to reduced surface damage during the
running-in stage as well as wear rate stabilization. Cutting tests revealed that the design
of the cutting edge of HSS tools had a significant influence on wear behavior, especially
at low and moderate speeds.

The chamfer on the rake face of the HSS tool produced the longest tool life. This
was due to the fact that the chamfer strengthened the cutting edge and reduced the surface

damage.
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The fabrication of a chamfer on the cutting edge had a significant influence on the
shape of the chips. When cutting inserts without a chamfer were used, the resulting chips
were found to curl. In contrast, the chips formed when cutting with inserts with a chamfer
on the rake face, had almost no curl at all and the chips were smoother.

These experimental observations indicated that the chamfer affected not only the
surface damage intensity of the tool, but also the metal flow and heat redistribution at the
tool/workpiece interface.

In the chip/tool contact area, more heat flux goes into the chips causing an intensive
re-crystallization, which resulted in the coarsening of the chips’ grain structure. More
intensive re-crystallization of the contact zone took place for the inserts with a chamfer,
because the thickness of the contact zone was significantly wider and the grains coarser.
Due to the intensive heat flux into the chip (thicker zone of dynamic re-crystallization
and coarser grain sizes), chips were formed without curling. The cause of this beneficial
heat redistribution was the formation of protective tribo-films that have less time to form,
due to the chipping that occurred when the inserts without chamfer were used.

Since HSS cutting tools usually operate under conditions of intensive adhesion wear,
seizure associated with build-up occurred at the workpiece-cutting tool interface.
Therefore, the HSS tools were coated with a multi-layered WC/C +TiAIN coating.

The most intensive tool surface damage during cutting with HSS tools with multi-
layered coatings was observed in the zone close to the cutting edge, which undergoes
plastic deformation or chipping at the very beginning of the wear process. SEM and EDS

investigations of the area close to the cutting edge showed that at the very beginning of
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cutting an intensive wear of the outer lubricating WC/C layer took place as a result of
seizure with the workpiece material.

Wear on the rake face was initiated by the formation of superficial cracks in the
coating, parallel to the cutting edge. Adhesion of work material at the cracks then led to
attrition of the TiAIN layer, and damage progressed by propagation of the cracks and
further attrition. Superimposed on this process was a continuous contribution of abrasive
wear (microabrasion), which is particularly strong at the flank face. The reduction in the
wear rate caused by coatings is ascribed primarily to a more favorable contact geometry.
This effect persists even after coating breakthrough, in that the remaining coating at the
tool edge keeps the built-up edge small, producing thin chips which flow rapidly over the
tool surface. The resultant strong heating of the contact area in the breakthrough zone
leads to the formation of a flow layer in which a large part of the shear deformation of the
chip is concentrated. The flow layer acts as a high temperature lubricating film,
prolonging the protection of the substrate even after partial removal of the coating.

Uncoated tools do not form a flow layer in the crater area.

3.7 Proposed methodology for designing a cutting tool edge

The steps for designing a cutting tool edge can be summarized as follows:
e find the set of cutting conditions that results in an optimal cutting process, with no

build-up or chipping, for the chosen work-piece and tool;
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e perform cutting tests, measure flank wear and draw tool life diagrams in order to
create the baseline for the following measurements;

e take images of the cross sections of the tool edge after a length of cut that
corresponds to the transition point between the running-in (intensive and unstable
wear stage) and the stable stage of wear (with critically lower wear intensity),
which represents the shape of the ‘natural’ wear. This ‘natural’ shape of wear
corresponds to wear rate stabilization and could be used for further mimicking.

e Geometrically model this shape as a facet;

e produce a tool with the type of facet that was modeled as the shape of ‘natural’
wear;

e apply coating in order to return the tool to its original as tested condition.
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4, Conclusions and Recommendations for Future Research

This research explored the possibility of developing a procedure to design a subtle feature
on the cutting edge of high speed steel and carbide inserts. The design of the edge is
based on closely mimicking the natural wear that occurs in the initial stage of running-in.
The “geometrical adaptation” resulted in the formation of a quasi-stable shape of the
cutting edge that corresponded to the point of transformation from non-equilibrium

(running in) to the quasi-equilibrium (stable) stage of wear.

Using a chamfered cutting tool we could create quasi-stable wear conditions and
eventually observe an evolution of the cutting edge shape vs. length of cut. A chamfered
facet on the rake face of the tool strengthens the cutting edge and reduces surface
damage, which results in the stabilization of the wear rate and improvement in durability.
When inserts with chamfer were used, a more gradual wear process was observed, that
resulted in wear rate stabilization, due to the formation of protective tribo-films.

The data obtained shows that the type of cutting tool failure strongly depends on the
cutting conditions. Under high-speed machining conditions the cutting edge of cemented
carbide tools undergoes plastic deformation, while the HSS cutting tools operating under
low and moderate cutting speed conditions, when attrition wear mode dominates, results

in significant surface damage of the cutting edge.
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The application of coatings influenced the chip formation process at the cutting
edge. Chip flow velocity, chip thickness and chip curvature were changed by the
tribological and thermo-physical properties of the coating. The advantage offered by
coatings usually becomes apparent at high cutting speeds and heavier cutting loads which

induce higher temperatures.

Research contributions:
e advancement in the understanding of the effect of cutting edge geometry
(edge preparation) on tool wear behavior for both uncoated and coated HSS

and cemented carbide tools;

¢ development of a methodology for designing cutting tool edges.

Recommendations for future research:

e investigate these trends using more tool types and workpiece materials;

e include a broader range of tool materials, cutting conditions and edge geometries,
as well as various chamfer lengths and ratios of chamfer size to uncut chip
thickness;

o further work focusing on the effect of cutting edge geometry on residual stresses
and to better understand the double chamfer size effect on residual stress
magnitude and depth;

e an in-depth study of chip formation in cutting with chamfered tools, and the

effects of tool edge geometry on cutting variables;
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investigate the effect of the geometrical adaptability on the structural adaptability,
based on the assumption that the wear rate stabilization of the double chamfered
tools is also associated with the microstructure of tribo-films formed;

develop a cutting model that reflects the effects of the edge radius on the cutting
process in the case of honed tools, considering the fact that the hone radius of
commercial cutting inserts varies along the edge;

apply this work to milling operations.
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