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Abstract

The aim of the present work is to promote the basic understanding of how the workpiece material
and its microstructure affect the tool wear during metal cutting. To isolate the effect of the
workpiece material, the tool material (uncoated cemented carbide) was kept constant while the
workpiece was varied. The studied workpiece materials were a tool steel, two superalloys, a case-
hardening steel, and two workpieces of an austenitic stainless steel obtained from different
suppliers. After controlled turning tests, the workpiece microstructures and the resulting tool wear
was studied, primarily by scanning electron microscopy together with energy-dispersive X-ray
spectroscopy and the electron backscatter diffraction technique.

The results show that the thermo-mechanical and microstructural properties of the different
workpieces result in distinct microscopic features on the worn tool surfaces. The responsible wear
mechanisms were identified by assessing the chemical and physical properties of the
microstructural constituents in the workpieces. Due to its large amounts of carbides, machining
the tool steel was primarily associated with abrasive tool wear. The corresponding wear features on
the tungsten carbide grains were dominated by grooves, micro-fragmentation, and plastic
deformation. Similarly, abrasion played a major role when machining the superalloys. Differences
in the amount of carbides and inclusions triggered varying degrees of abrasion which affected the
overall flank wear when cutting the two investigated superalloys. Flank wear resulting from
machining the case-hardening steel is suggested to be due to dissolution combined with mild
abrasion. In contrast, the stainless steel workpieces did not contain significant amounts of hard
phases which led to mainly dissolution-induced flank wear. The worn tool surfaces were
characterized by smooth tungsten carbide grains without micro-fragmentation or plastic
deformation. For the two stainless steel workpieces, the non-metallic inclusions and their ability to
form stable layers on the tool surfaces controlled the overall flank wear. If present, a stable
inclusion layer provides protection of the underlying tool material against dissolution. Knowledge
of the active tool wear mechanisms and their underlying reasons can be used as input for physics-
based wear modelling approaches and allows to identify the role of microstructural variations in
workpieces. In that way, the cutting process can be optimized to become more reliable, efficient,
and sustainable.

Keywords: Machining; Cutting tool; Wear; Cemented carbide; Steel; Superalloy; Scanning electron
microscopy.
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1 Introduction

Metal cutting operations play a key role during the manufacture of nearly every metallic component
used in engineering applications [1], [2]. The important role of metal cutting operations in the
production of components is demonstrated in Fig. 1. As illustrated, large fractions of the overall
costs of typical powertrain or aircraft-engine components can be attributed to machining, during
which significant volumes of material are often removed. Furthermore, the produced component’s
form, accuracy and surface integrity are directly influenced by machining [3] and have to be met
for the component to function properly.

42%

57%
67%

84%

Cutting and abrasive processes
Materials and other processes

*Powertrain components
**Aircraft engine component

58%

43%
33%

Share of production cost

16%

Connecting rod*  Stub axle* Drive shaft* Blisk**

Component type

Fig. 1: Excamples of manufacturing cost of some engineered components. Adapted from 2], [4].

In order to achieve a high level of productivity in a production line, it is important to have fast,
robust and reliable machining processes. One source of process disruptions is due to wear of the
cutting tools. During metal cutting, the employed cutting tools inevitably undergo gradual wear.
Geometrical changes of the tools due to wear negatively affect several process characteristics. For
example, high cutting forces and temperatures are directly related to excessive tool wear, resulting
in poor geometrical accuracy and surface integrity of the machined component. An example of
surface damage due to uncontrolled tool wear can be seen in Fig. 2. Since such damage has a
negative effect on the component’s performance (e.g. fatigue life), damaged components need to
be repaired or scrapped which is undesirable from economical and environmental viewpoints.
Furthermore, if the damage remains undetected during inspection at time of manufacture,
premature failure of components can have serious consequences, especially in case of aircraft
engine components [5].

Source: Rolls-Royce .

Fig. 2: Unfavorable surface integrity cansed by drilling with a worn tool. The shown component is a turbine disk
made from Alloy 718 [6]. Figure reproduced with permission of Springer Nature'.

Reprinted by permission from Springer Nature: Springer, Berlin, Heidelberg, Manufacturing Processes 1 by Fritz
Klocke, Springer-Verlag Betlin Heidelberg 2011



In order to avoid surface damage and to meet component-design requirements, cutting tools need
to be replaced before a critical amount of tool wear has been reached. Timely tool changes require
steady and well understood tool wear rates for the respective tool/workpiece combination and
employed set of cutting parameters [0].

In order to estimate tool life for certain tool/workpiece materials and cutting parameters, empirical
tool life relations such as Taylot’s tool life equation [7] are commonly used in the industry.
However, despite the use of tool life relations, inconsistent tool wear responses are often
encountered in production lines even when machining the same material/alloy. Such problems can
arise when the input materials exhibit metallurgical variations, e.g. in large forgings or in materials
from different suppliers with different processing histories prior to machining. To avoid or limit
these effects, it is important to fundamentally understand the influence of the workpiece material
and microstructure on the tool wear. Only then, the respective tool wear response can be estimated
more precisely and countermeasures can be taken by for example adjusting the intervals of tool
changes or by changing the composition or processing of the input material in order to get more
favorable machining results.

In practice, however, it can be complicated to pin-point the exact microstructural aspect which is
responsible for the inconsistent tool life response during machining. This is because many alloys
feature complex microstructures with microstructural variations spanning across different length
scales (mm to sub pum-scale). Furthermore, the influence of workpiece-constituents on the tool
wear is complex and not well understood because a number of tool wear mechanisms are usually
active simultaneously (e.g. abrasion, adhesion, dissolution). It is this overlap and the dynamics of
the mechanisms which makes a systematic study and identification of the active tool wear
mechanisms as well as of the underlying effect of the workpiece properties and microstructure
challenging.

1.1  Objective and research questions

The overarching objective of the thesis is to advance the fundamental understanding of the effect
of the workpiece material and its microstructure on the tool wear during metal cutting.

The objective of the work can be described by the following research questions (RQ):

. RQ1: What are the characteristic features on the worn tool surface resulting from
machining the respective workpiece material?

. RQ2: What are the dominant wear mechanisms leading to the characteristic tool wear
features during machining?

. RQ3: How are variations in the workpiece microstructure affecting the active wear
mechanisms and the resulting overall tool wear?

1.2 Research approach

The complexity of tribology and tool wear in metal cutting is partly due to the fact that besides
workpiece characteristics (e.g. composition, microstructure, mechanical properties), a number of
additional interrelated factors also influence the thermo-mechanical loads and the resulting tool
wear mechanisms. These factors include cooling and lubrication methods, the tool geometry, and
the tool materials. In fact, a major part of published work in the field of metal cutting tool wear
focusses on optimizing tool life by means of the aforementioned aspects, e.g. by changing the tool
material, by applying advanced coatings [8] or by employing different lubrication methods [9], [10].

In order to narrow the research focus and to limit these effects, the research approach was to keep
the cutting tool material constant and instead vary the workpieces in order to focus on the influence



of the machined material on the tool wear. This approach of “material-on-process” is not common
in metal cutting research, as the research focus is typically the opposite, i.e. “process-on-material”.

The chosen tool material was cemented tungsten carbide, used in the majority of machining
operations. The bulk of the tests was done using uncoated cutting tools in order to limit the effect
of coatings and to reduce the complexity of wear characterization. Only for two of the investigated
workpieces some complementary tests were done using coated cutting tools (Paper I). In
accordance with the research approach of a constant tool material for all workpieces, the results
on the coated tools are therefore not discussed in detail within this thesis.

With the tool material being constant, several workpieces with varying properties and
microstructures were machined as part of this work and the resulting tool wear was studied
systematically. The focus of the wear characterization has been laid on the wear occurring on the
clearance of the cutting tools, i.e. flank wear. The schematic in Fig. 3 provides an overview of the
workpiece materials and how the formulated research questions (section 1.1) are taken up in the
research approach and respective publications. The publications can be divided into studies
addressing mainly:

e Flank wear mechanisms associated with machining the different types of materials (e.g.
Paper I and Paper II). These studies mainly address RQ1 and RQ2.

e Identification of differences in workpiece microstructure and their influence on flank wear.
These studies concern variations of flank wear when machining different alloys of the same
material type (e.g. Alloy 718 and Waspaloy in Paper III) or workpieces of the same alloy
(batch-to-batch variations in 316L, Paper VI). These studies are mainly addressing RQ?3.

Generally, the approach in this work was to combine controlled machining tests with dedicated
material characterization of both the workpieces and the worn tool surfaces (focused on the flank
wear). In that way, it was possible to connect microstructural aspects (e.g. type and amount of
carbides or inclusions) to the resulting wear characteristics and underlying tool wear mechanisms.

The aim of Paper I was to obtain primarily abrasive wear and wear by dissolution and thereby
provide experimental evidence of these mechanisms. The information was used to assess the
relative contributions of these mechanisms to the tool wear when machining other materials.
Papers II, III, and IV were concerned with machining of heat-resistant superalloys for aerospace
applications. The emphasis was to elucidate the difference in flank wear responses when machining
two alloys, Alloy 718 and Waspaloy. In Paper V, the approach was extended and a case-hardening
steel was included. In Paper VI, batch-to-batch material variations in a stainless steel and their
influence on tool wear were in focus.
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Fig. 3: Schematic of the research approach and case-studies with the investigated workpieces, their interconnection
and the corresponding research questions (RQs) of interest.

1.3 Limitations

The microscopic examination of worn tools was conducted across different length scales and
included many aspects (wear topography, surface deformation, composition of adhered layers etc.).
The analysis was therefore limited to a selection of cutting tools and was not conducted for each
replica of the tests. Furthermore, the wear characteristics of the tool’s binder-phase was not studied
in detail. Instead, characterization of the worn tools was performed on its main constituent
tungsten carbide on the flank wear land.

As part of the research approach (section 1.2), uncoated cemented tungsten carbide inserts were
used to focus on the influence of the workpiece material on the tool wear. This tool material is one
of the most commonly applied materials in tools for many machining operations. However,
uncoated tools are not the first choice for machining of some of the investigated workpiece
materials. The comparably simple tool material without coatings was chosen in order to reduce the
complexity of the analysis of the wear topographies and adhered layers and to correctly identify the
active wear mechanisms during cutting. Moreover, even for coated inserts, the wear of the
cemented carbide substrate becomes relevant since progressing tool wear usually results in the local
loss of the coating which exposes the underlying tool substrate.



2 Metal cutting

In metal cutting operations (also referred to as machining), material is mechanically removed from
a workpiece in form of chips [6] to produce a desired workpiece surface. There is a large variety of
metal cutting operations which can be categorized as processes using geometrically defined cutting
edges (e.g. turning and milling) or geometrically undefined cutting edges (e.g. grinding) [11]. By
combining different metal cutting operations, components of complex geometry can be
manufactured. Within this work, the focus was on turning, which is a process utilizing tools with
defined cutting edges used to produce rotationally-symmetric components.

2.1 Turning

In turning, the workpiece is clamped in a rotating chuck and a cutting tool is fed into the workpiece.
Chip formation takes place due to the relative movement between the tool and the workpiece.
Depending on whether the tool is fed in radial direction or longitudinal direction, turning
operations can be termed as facing or longitudinal turning respectively [6]. The illustration in Fig.
4a shows a longitudinal turning operation where the tool is moving parallel to the axis of workpiece-
rotation.

The illustration in Fig. 4a also shows the major process parameters. The relative speed between
tool and workpiece at the point of contact is the cutting speed, v, which is usually expressed in
m/min. The distance by which the tool is fed during every revolution of the workpiece is the feed
rate, f, usually expressed in mm/rev. The thickness of the removed layer is the depth of cut, a,,
which is perpendicular to the feed direction and expressed in mm.

The force acting on the tool during machining can be measured using piezoelectric force sensors.
It can be split up into three force components, shown in Fig. 4b. The main cutting force (F.) acts
on the rake face of the tool in the direction of the cutting speed. The force acting on the flank face
and parallel to the feed direction is termed feed force (). Finally, the passive force (I}) is the force
component that pushes the tool away from the workpiece, i.e. in radial direction in case of
longitudinal turning.

(a) (b)
Workpiece

Workpiece

rotation
Tool — <X \_J /
a,

Directr()Tof feed

Fig. 4: (a) Ulustration of a turning process where the tool is fed in longitudinal direction. Key process parameters
cutting speed (v,), feed rate (f), and depth of cut (ay) are indicated. (b) Schematic showing the directions of the three
force components, main cutting force (F,), feed force (Fy), and passive force (F),) acting on the tool during longitudinal
turning. Image conrtesy of Simon ILsakson [12].

2.2 The cutting zone

A simplified, cross-sectional view of the contact zone between workpiece, tool, and generated chip
is shown schematically in Fig. 5. Shearing of workpiece material and subsequent removal in form
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of chips occurs due to the relative motion between the tool and the workpiece (indicated by cutting
speed, ve). As a result of shearing the workpiece material, almost all of the used mechanical work
is converted into heat during cutting [6].

During cutting, severe plastic deformation of the workpiece material occurs at a high rate in the
primary (1), secondary (2), and tertiary (3) shearing zones [6], see Fig. 5. Accurate determination of
the respective strain and strain-rates in the cutting zone is very challenging and reported values are
often based on simplified shear plane models [13]. However, strains of 100 to 700% and strain-
rates of up to 10° s have been reported together with high pressures (neatly 2 to 3 GPa) and
temperatures exceeding 1000 °C [14].

Workpiece

Shear zones ..".*

Fig. 5: Schematic of the cutting one showing the process of chip formation in cross section: The three shear gones (1-
3) are encircled and the direction of cutting speed (v,) is indicated. The figure was adapted from [12].



3 Cutting tool materials and tool wear

The requirements on tool materials include high hardness to resist abrasive wear combined with
sufficient toughness and compressive strength to resist fracture and plastic deformation.
Furthermore, chemical stability and inertness to the machined workpiece is required. Among
common cutting tool materials, cemented carbides are the most versatile material group [15]. As
compared with e.g. super-hard materials like ceramics, cubic boron nitride, and diamond which
suffer from comparably low toughness, cemented carbides have a unique combination of high bulk
hardness and toughness within a comparably wide range [15].

This section is devoted to introducing cemented carbides for cutting tool applications as well as
the most common tool wear forms and mechanisms in metal cutting.

3.1 Cemented carbides

Cemented carbide is a composite material which is produced by powder metallurgy using liquid
phase sintering. It combines the hardness and wear resistance of a ceramic material, most
commonly tungsten carbide (WC) with the toughness provided by a ductile binder phase, e.g. cobalt
[16]. The microstructure of a metal cutting tool made from cemented tungsten carbide is shown in
Fig. 6. It consists of an interconnected skeleton of WC grains (bright) and a cobalt-binder (dark),
shown as pockets in-between the WC grains. Due to its anisotropic structure, WC crystals develop
anisotropic shapes in form of flat triangular prisms with truncated edges [17]. The average carbide
grain size of conventional cemented carbides used in metal cutting is in the range of 0.5 to 4 um
with around 5 to 20 vol.% binder phase [18]. Adjustment of the properties of cemented carbides
can be done by changing the carbide grain size and binder content or by addition of other refractory
carbides (e.g. TiC or TaC). In this way it is possible to attain the optimal combination of hardness,
toughness and chemical stability required for the specific application [17].

Another way of optimizing the wear resistance and performance of cemented carbide cutting tools
is the application of coatings by means of chemical or physical vapor deposition processes. Such
tool coatings are usually up to a few micrometers thick and consist of ceramics e.g. oxides, nitrides,
or carbides [18]. They can consist of a single layer or of a combination of multiple layers. An
example of a coating can be seen in Fig. 6b.

Fig. 6: Micrographs of the microstructures of (a) a cemented tungsten carbide cutting tool with its interconnected
skeleton of WC grains and binder phase (black) and of (b) a ceramic coating deposited on a cemented carbide cutting
tool.



3.2 Tool wear forms

The conditions in the cutting zone (see section 2.2) lead to severe tribological conditions at the
interface between workpiece and tool. The tool is therefore inevitably subjected to wear which
ultimately determines its service life. Ideally, when cutting a certain material, the tool material and
cutting parameters are chosen so that the tool wear increases in a steady and controllable way.

The most common wear form in metal cutting is flank wear which develops on the major and
minor cutting edge (see Fig. 7a). The major cutting edge is the part of the cutting tool where the
chip is formed, whereas the minor cutting edge is at the nose of the tool where the surface of the
machined part is produced. Progressing flank wear leads to a larger contact area between the tool
and the newly generated workpiece surfaces which results in increased heat generation in the
tertiary shearing zone. It furthermore affects the resultant force, mainly by increasing the feed
and/or passive force [6]. The most common way to quantify flank wear is by measuring the width
of flank wear (VB), which is measured on the major cutting edge, see Fig. 7a. The typical
development of flank wear as a function of cutting time for two levels of cutting speed is illustrated
in Fig. 8. Flank wear usually develops in three stages: it starts with an initial running-in phase (Stage
1), is followed by a phase of steady wear (Stage 1I), and finally results in accelerated wear (Stage I1I)
[19]. The rate of flank wear depends on different factors, including the cutting parameters (e.g.
cutting speed, as illustrated in Fig. 8), the employed cutting insert, and the workpiece characteristics
[19], with the latter one being the main focus of the present work.

Another wear form which can develop on the flank face of the cutting tool is notch wear. The
example in Fig. 7a shows a notch at the depth of cut line on the major cutting edge.

Crater wear (see example in Fig. 7b) occurs on the rake face in the contact zone between chip and
cutting tool. With its progression, the load bearing capability of the tool decreases and the cutting
edge becomes more prone to sudden failure by plastic deformation or fracture [18].

Fig. 7: SEM miicrographs showing the major cutting edges of worn metal cutting tools exhibiting commonly observed
wear forms: (a) Flank wear (width of flank wear land indicated by “V'B”) and notch wear; (b) crater wear on the
rake face of the tool. The tool in (b) was etched to remove adbered workpiece material in order to make the crater
visible.
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Fig. 8: Typical progression of flank wear plotted as a function of cutting time for two levels of cutting speed (v2>v.).

Flank, crater, and notch wear are gradually developing wear forms, whereas fracture or cutting edge
depression by plastic deformation usually occur suddenly and can lead to total failure of the cutting
tool. Examples of these two wear forms are shown in Fig. 9.

Plastic deformation of the cutting edge is caused by exceedingly high mechanical and thermal
stresses acting on the tool [20], [21]. As illustrated in Fig. 9a, gross deformation can lead to a
depression or displacement of the cutting edge towards the flank face [6]. These geometrical
changes of the rake and flank angles can change the thermo-mechanical conditions at the tool
surface [20] and by that lead to accelerated wear or sudden failure by fracture of the tool [22]. The
micrograph in Fig. 9b shows a tool which has failed by fracture of the whole cutting edge.

In general, tool wear has a negative effect on machined surfaces by impairing the dimensional
accuracy and surface integrity of the produced part. In order to meet the part requirements, it is
therefore necessary to replace worn tools before a certain level of wear is reached [23]. In practice,
a certain maximum width of flank wear land is often set as the criterion of maximum allowed tool
wear [18].

Rake face

______

Depression of cutting edge

—(\
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Fig. 9: Excamples of (a) depression of the cutting edge by gross plastic deformation, and (b) a cutting tool which failed
by fracture.



3.3 Tool wear mechanisms

The overall wear of cutting tools is generally considered to be due to several wear mechanisms
being active at the same time, often with one dominating mechanism which controls the overall
tool wear. The relative contribution of the individual mechanisms depend on e.g. the mechanical,
thermal, and chemical properties of the tool and workpiece materials as well as the amount of
generated heat and mechanical loads in the cutting zone [24].

This section is discussing the most common tool wear mechanisms in metal cutting. It is important
to differentiate the term “wear mechanism” from “wear form” (described in section 3.2): Wear
mechanisms are the underlying processes responsible for the tool wear forms, i.e. the loss of tool
material and the change of cutting tool geometry. Schematics of some of the respective mechanisms
are provided in Fig. 10 and more detailed descriptions follow below.

(a) Abrasion (b) Adhesion
— — — ~

A s
i~ i "L AL

(c) Dissolution ) Plastic deformation
— —_— — 7'y
Workpiece/chip
Tool

- 79 29

VN

Fig. 10: Examples of different tool wear mechanisms at the interface between tool and workpiece/ chip during metal
cutting: (a) workpiece-carbide sliding against tool surface leading to removal of tool material; (b) localized adbesion
between tool and workpiece followed by pull-ont of tool material; (c) loss of tool material by chemical dissolution of
its atoms into the workpiece/ chip; (d) plastic deformation of WC grains (example encircled) and of the carbide
network by WC grain boundary sliding (see arrow for example).

Abrasive tool wear

Wear by abrasion involves removal or displacement of material from a surface by hard particles or
hard protuberances which are forced against the surface under simultaneous relative movement
[25], [26]. The rate of abrasive wear increases with increasing hardness of the abrading particle
relative to the abraded material. It has been shown that most severe abrasive wear takes place when
the hardness ratio of abrading and abraded material is above 1.2 [25] or 1.25 [27], [28]. In addition
to its hardness, the shape and size of abrading particles affect abrasive wear. Larger particles exert
proportionally more wear than smaller particles. Similarly, rounded particles cause less abrasion
than angular ones with pointy/sharp edges [25].

In metal cutting, abrasive wear of tool materials mainly occurs due to hard phases or particles
present in the workpiece material being cut that slide along the tool surface on either the flank or
as part of the chip on the rake face of the cutting tool [6]. Such hard particles can be carbides or
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non-metallic inclusions such as oxides or nitrides which are commonly present in many alloys.
During cutting, both the cutting tool material and the hard particles are subjected to thermal
softening due to the high temperatures present in the shearing zones [21]. It is therefore the high
temperature hardness of the material pair which determines whether the particle can abrade the
tool material.

Since the unique tribological conditions encountered in metal cutting are hardly possible to mimic
with tribometers such as pin-on-disc setups, several researchers have studied abrasive wear under
metal cutting conditions, i.e. by conducting actual machining tests. For example, Ramalingam and
Wright [29], Halila et al. [30], and Binder et al. [31] have conducted cutting tests on workpiece
materials with varying fractions of hard particles. All these studies reported that the tool wear rate
increased with the amount of hard particles in the workpiece which was explained by increasing
abrasive weat.

Wear by dissolution

In the cutting zone, elevated temperatures and intimate contact between mating tool/workpiece
surfaces can promote the thermally activated wear process of diffusion/dissolution [6]. Vatying
terminologies are used in literature (e.g. “diffusion” or “dissolution”) for this mechanism [0].

Regardless of the used terminology, the general concept is based on transport of atoms across the
interface between the tool and the workpiece/chip in the cutting zone. The transport of tool-atoms
into the moving chip or workpiece on the rake and flank face of the tool, respectively, leads to loss
of tool material [0], [23].

Several researchers argue that this mechanism is better described by the concept of dissolution
rather than diffusion [21], [32], [33]. For example, Wong et al. [32] discuss that diffusion is a
volumetric effect whereas dissolution is an interfacial mechanism occurring locally at the interface
between tool and workpiece/chip. This is furthermore backed up by Kramer and Suh [33] who
state that the tool wear rate is independent of the diffusion characteristics of the tool material in
the workpiece material. The basic idea behind this argumentation is that the very short contact
times encountered in the cutting zone during machining (< milliseconds) do not allow atoms of
the tool to diffuse significant distances into the workpiece/chip. Instead, dissociation of tool
material is followed by atomic dissolution into a very narrow region of the fast-moving
chip/workpiece.

Based on this concept, some authors have used thermodynamic approaches to estimate the
solubility of various tool and coating materials in different machined workpiece materials [21], [28],
[32]-[34] which enabled them to predict tool wear and rank the resistance of various tool and
coating materials against wear by dissolution. Accordingly, a tool material with low solubility in the
workpiece indicates high resistance against dissolution wear and hence little contribution of this
mechanism to tool wear. In contrast, wear by dissolution should play a more significant role when
the respective solubility is comparably higher.

According to Kramer [34] and Olortegui-Yume and Kwon [35], the chemical solubility of a tool
material depends on the compound’s free energy of formation and the excess free energies of
solution of the individual constituents in the respective machined workpiece and the interface
temperature in the cutting zone [34]. It is therefore proposed that the relative importance of tool
wear by dissolution for a certain pair of tool and workpiece material increases with increasing
cutting speed, the main factor affecting the temperature in the cutting zone [23].

Additional to dissolution of tool material into the chip/workpiece material, machining of highly
reactive materials like titanium alloys can lead to chemical reactions between titanium and the tool
material. For example, when using cemented carbide cutting tools, formation of layers of TiC at
the tool-workpiece interface have been reported together with carbon depletion of WC grains [306],
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[37]. When present at the workpiece-tool interface during cutting, such reaction-layers can
significantly affect the wear behavior of the tool by e.g. changing the dissolution process [21] or
altering the mechanical properties of the tool locally [36].

Adhesive wear

Wear by adhesion is caused by localized bonding between contacting solid surfaces leading either
to material transfer between the two surfaces or to loss from one of the surfaces [20].

During metal cutting operations, the workpiece/tool interface in the cutting zone is characterized
by very high contact pressures (up to 2-3 GPa [14]). Consequently, the real area of contact
constitutes a large portion of the apparent contact area between the tool and the workpiece [23].
This tight tool-workpiece contact in the cutting zone can promote the formation of micro-welds
between the mating materials. During relative tangential movement between tool and workpiece,
material-separation can occur in the tool rather than at the interface between tool and workpiece.
In that case, part of the tool material is torn away and removed as fragments [0], [23].

Adhesion is also the underlying mechanism for built-up edge formation [6]. This phenomenon can
generally be observed at relatively low cutting speeds. Transferred workpiece material accumulates
on the tool rake face and can remain temporarily stable. This accumulation of material can take
over the function of the cutting edge and will result in a change of the geometry of the cutting
edge. Depending on the cutting conditions, the built-up layer gets periodically broken off and
transferred to the machined workpiece surface or to the chip which can impair the surface finish

[6].

Plastic deformation

Depending on the tool material and the thermal and mechanical loading, the macroscopic
deformation of the cutting edge described in section 3.2 can take place by one or a combination of
several deformation mechanisms on the microscopic level. In case of cemented tungsten carbides
these mechanisms are plastic deformation of the binder phase, plastic deformation of WC grains,
and plastic deformation of the WC network by grain boundary sliding [38], [39].

Oxidation

The high temperatures generated in metal cutting facilitate oxidation processes where the tool
material and/or workpiece material locally react with the surrounding air [6]. The formed reaction
products can either be removed by the moving chip/workpiece or stay attached to the tool sutface
as an transfer layer [6]. Such oxygen-rich transfer layers have shown to change the tool wear
behavior both positively and negatively depending on the used tool and workpiece material [40],

[41].
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4 Workpiece properties and their influence on the cutting process

This chapter deals with workpiece material properties and their effect on the metal cutting process,
mainly in terms of thermal and mechanical loads on the tools as well as tool wear.

Table 1 contains some thermal and mechanical properties of three workpiece materials, a low-alloy
steel, a stainless steel, and a superalloy (in two different conditions). The table exemplifies how
workpiece-properties can be used as an indicator for the general machining behavior when cutting
different material types [18]. For a more comprehensive description of the material behavior and
resulting tool loads, dynamic stress-strain data obtained at appropriate temperatures and strain-
rates would be required together with temperature-dependent thermal properties [42].

According to Table 1, the workpiece-properties can vary significantly depending on the type of
material (compare for example low-alloy steel with stainless steel) but also depending on the
condition (compare Alloy 718 in solutionized and hardened condition). These macro-properties
and their variation have significant influence on machining and can explain the necessity of
employing different ranges of cutting data and tools when different types of materials are machined.

Thermal conductivity and specific heat capacity of the workpiece both affect the temperature in
the cutting zone [18]. Machining a workpiece material with low thermal conductivity generally leads
to high cutting temperatures because of limited heat-conduction via the workpiece. Similarly, low
specific heat capacity of a workpiece material results in high thermal loads in the cutting zone.
Exceedingly high temperatures in the cutting zone usually lead to accelerated wear and/or plastic
deformation of the tool. Workpiece materials with such thermal characteristics (e.g. Alloy 718)
therefore generally require use of comparably low cutting speeds or feed rates or optimization of
cooling and lubrication in order to lower the heat generation in the cutting zone [18].

Tensile strength and yield strength of a workpiece describe the material’s resistance against
deformation and fracture [18]. These two properties can therefore give indications about the
cutting resistance/specific energy (i.e. the mechanical work/energy per unit volume of material
removal) and the mechanical loads acting on the tool during cutting. Furthermore, since the
majority of mechanical work during cutting is converted into heat (see section 2.2), the cutting
resistance also affects the cutting temperature. Cutting a workpiece material with high tensile and
yield strength (e.g. hardened Alloy 718) therefore generally results in high thermal and mechanical
loads on the cutting tools which again favors the use of low cutting speeds and/or feed rates in
order to achieve reasonable tool life.

Other factors influencing a material’s cutting behavior are strain-hardening and ductility (i.e.
elongation to fracture). The latter one is related to the material’s tendency to adhere to the tool
surface [18].

All the above mentioned aspects are related to “macro-properties” of the workpiece material.
Besides, the workpiece-microstructure can also have an influence on the cutting process, e.g. when
machining workpieces with similar macro-properties but with varying microstructures. For
example, increasing grain size has shown to significantly increase the tool notch wear and to
influence chip formation in case of machining different types of metallic workpiece materials [43]—

[40].

In another study, the effect of the amount of oxide particles added to a ferritic-pearlitic steel on
the tool wear during turning was investigated [31]. Despite the steel’s macro-hardness remaining
neatly constant, a significant increase in flank wear was observed for increasing amounts of oxide
particles added to the steel [31]. Additionally to carbides, different types of non-metallic inclusions
(e.g. sulfides and oxides) can play a crucial role regarding tool wear when machining steels.
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Depending on their composition and resulting properties, such inclusions have been reported to
be both beneficial and detrimental for tool life [47]—[51].

Table 1: Comparison of mechanical and thermal properties of some alloys at room temperature [52].

Material type Thermal Specific heat Yield Tensile Elongation
(alloy name, conductivity capacity strength strength to fracture
condition) [W/(mK)] [J/(kgK)] [MPa] [MPa] [%0]
Low-alloy steel
(AISI 4820, 35-50 460 - 500 410 - 515 610 - 750 18 - 27
annealed)
Stainless steel
(3161) 13-17 490 - 530 205 - 310 515 - 620 30 - 50
Superalloy
(Alloy 718, 11.6 - 12.6 440 - 458 724 - 800 827 -914 35-50
solutionized)
Superalloy
(Alloy 718, 11.6 - 12.6 440 - 458 1000 - 1110 1170 - 1320 10-15
hardened)
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5 Experimental details and analysis techniques

In this chapter, the investigated workpiece materials and the reported tool wear responses during
machining are presented. Additionally, the used tools along with the setups of the machining tests
are stated. Finally, the characterization techniques used to study the workpieces and the worn tools
are explained.

5.1 Workpiece materials

Vanadis 10 tool steel

Tool steels are a group of highly-alloyed steels which exhibit high hardness and high resistance
against abrasive wear under severe working conditions. This makes them suitable to be used for
tooling in cold- and hot-forming applications [53].

Tool steels are alloyed with strong carbide-forming elements like Cr, Mo, V, or W. Controlled
formation of high fractions of the desired carbides occurs during solidification of the alloy as well
as during subsequent processing and heat treatments. In order to achieve the desired final
properties, tool steels are usually heat treated by austenitizing, martensitic hardening and finally by
tempering [53].

The Vanadis 10 steel used in this study was processed via the powder metallurgy route and had a
composition of 2.99% C, 0.60% Si, 0.42% Mn, 8.05% Cr, 1.51% Mo, 9.99% V, 0.17% Ni, 0.018%
S, 0.15% N (all in weight percent, wt%). The powder metallurgy process gives the material a very
homogenous structure and a very low amount of non-metallic inclusions [54]. The workpiece was
tested in soft, ferritic condition.

316L austenitic stainless steel

Stainless steels are a group of alloys which offer high resistance against corrosion which they owe
to large amounts of Cr (>12 wt%) added as an alloying element. The enhanced corrosion-resistance
stems from Cr being able to form a thin, stable and adherent oxide layer on stainless steel surfaces.
This oxide layer effectively passivates the steel surface and thereby provides protection from
corrosive species [53]. Austenitic stainless steels such as 316L are alloyed with sufficient amounts
of Ni (usually > 8 wt%) which stabilizes and preserves austenite at room temperature.

In this study, two bars of 316L were investigated (Workpiece A and Workpiece B). Their
compositions are given in Table 2. The two bars were obtained from different suppliers. Both bars
were Ca-treated for enhanced machinability. Ca-treatments transform hard oxide inclusions in the
steel (e.g. ALO3) into softer, Ca-containing oxides [50].

Table 2: Composition (wt%) of the investigated 3161 anstenitic stainless steel bars.

Element C Si Mn P S Cr Ni
Workpiece A 0.010 0.25 1.73 0.030 0.027 16.74 10.05
Workpiece B 0.021 0.57 1.47 0.030 0.025 16.91 10.07
Element Mo N Ca @) Ti Al Mg
Workpiece A 2.02 0.047 0.015 0.0203 <0.001  0.008 <0.001
Workpiece B 2.14 0.057 0.015 0.0125 0.009 0.007 <0.001
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20MnCrS5 case-hardening steel

This type of steel is applied in components which require high hardness and wear-resistance at the
surface while having high toughness in the core. Such steels usually have a base-carbon content of
around 0.2 wt% [53]. Surface-hardening is done by e.g. carburizing which increases the carbon
content locally and hence enhances the surface-hardenability of the steel part [53]. Typical
components made from case-hardening steels are gears, spindles, or camshafts.

The machined bar of 20MnCrtS5 was not surface-hardened, i.e. it was machined in soft, ferritic-
peatlitic condition [55]. Its composition was 0.205% C, 0.19% Si, 1.32% Mn, 0.018% P, 0.032% S,
1.31% Cr, 0.08% Mo, 0.15% Ni, 0.18% Cu, 0.025% Al, 0.015% Co, 0.011% N (all in weight
percent, wt%o) [55], [56].

Alloy 718 and Waspaloy

These alloys are part of the material class called superalloys. Due to their excellent combination of
high-temperature strength, toughness, and high resistance against corrosion and oxidation,
superalloys are used in turbomachinery components operating at elevated temperatures. Most
notably, superalloys are a key factor of modern aircraft engines where they typically constitute
around 40-50% of the total engine’s weight [57]. Due to its use in safety-critical components,
superalloys have to meet stringent material and machining-induced surface integrity requirements.

Due to its relatively large iron content, Alloy 718 is often classified as a nickel-iron based superalloy
[58]. The alloy can be precipitation-hardened by use of appropriate ageing heat treatments. In
hardened conditions, its microstructure contains intermetallic compounds, primarily gamma
double prime (y”), as well as lower fractions of delta phase (3), and gamma prime (y’). Furthermore,
different carbides, like MC-type primary carbides are commonly present in the microstructure of
Alloy 718 [58].

Waspaloy on the other hand is alloyed with comparably lower amounts of iron and is therefore a
nickel-base superalloy. Its intermetallic strengthening phase is y’ and it additionally contains
different carbides (e.g. MC, M2;Cg) [58].

The two workpieces in this study were age-hardened prior to the machining tests and their
compositions are summarized in Table 3.

Table 3: Composition of investigated superalloy workpieces in wt% with nickel as balance.
Cr Co Fe C Mo Al Ti Nb B Mn i
Alloy 718 184 0.3 175 004 3.0 0.6 0.9 5.5 0.001 0.09 0.05
Waspaloy 194 132 1.2 0.03 4.1 1.3 3.1 - 0.005 0.03 0.05

5.2 Cutting tools

In this work, the substrates of all cutting inserts consisted of cemented tungsten carbide. The
majority of the tests was conducted using the tools in uncoated condition. Two different substrate-
grades were used. The choice of uncoated inserts was made since the characterization of wear and
adhered layers on coated tool surfaces would add complications to the correct assessment of the
wear topography and composition of adhered layers (e.g. thin oxygen-rich adhesion layers on top
of an alumina coating).

Complementary tests using coated tools were done for some cutting conditions in case of turning
the tool steel and the austenitic stainless steel and are presented in Paper I. The specifications of
the used tools are summarized in Table 4.
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Table 4: Some specifications of the employed cutting tools.

ISO code TCMW 16 T3 04 TPUN 16 03 04

Substrate grade Cemented carbide, 10% Co-binder = Cemented carbide, 6% Co-binder
Coating Uncoated Uncoated/ coated*

Insert shape Triangular Triangular

Nose radius 0.4 mm 0.4 mm

Chip breaker None None

geometry

Whiper geometry None None

*CVD-coated with TiCN-ALQOj3, results presented in Paper I

5.3 Turning tests

The machining tests presented in this thesis were performed using an EMCO Emcoturn 365 CNC
turning machine. In case of the superalloy workpieces, face turning test were carried out while
longitudinal turning tests were done for the steel workpieces. The aim of the turning tests was to
monitor and compare the steady-state flank wear when machining the different workpieces. Since
the machined material types exhibit different mechanical and thermal properties, carefully selected
and varied ranges of cutting data were employed for the respective tests. A summary of the used
cutting data is presented in Table 5.

The turning experiments were done in predefined, controlled intervals. Between every interval, the
machine was stopped and the flank tool wear was measured by using a stereo optical microscope
(Zeiss Discovery V20). Since this is the most commonly observed wear form in metal cutting and
as it was present for all types of workpiece materials in the present study, focus was placed on the
maximum width of flank wear land (VB). An arrangement of stereo optical micrographs which
exemplifies the increase of tool flank wear with machining time is shown in Fig. 11.

Flank wear

Machining time or spiral cutting length
Fig. 11: Arrangement of stereo-optical micrographs of the major cutting edge of an uncoated cutting insert exemplifying

the progression of flank wear (1VB) with increasing machining time. The micrographs were obtained when machining
Vanadis 10 tool steel with 80 m/ min cutting speed, 0.05 mm/ rev feed rate, and 1 mm depth of cut.
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Additionally to the tool wear, cutting forces were measured using a piezoelectric three component
dynamometer (Kistler 9275A). In that way, the three force components were recorded and the
respective average main cutting force (F.), average feed force (IFs), and average passive force (I)
was determined for each machining interval.

Table 5: Summary of the turning tests on the different workpiece materials. The main process parameters are cutting
speed (v.), feed rate (f), and depth of cut (ay). The cutting angles are a result of the used tool holders.

Vanadis 10 316L Alloy 718 Waspaloy 20MnCrS5
v [m/min] 40, 80 120, 160 30, 45 45 120, 240
f [mm/rev] 0.05 0.08 0.05, 0.075, 0.1 0.05, 0.1 0.075
ap [mm] 1 1 1 1 1
‘Tool TPUN160304 TPUN160304 TCMW16T304 TCMW16T304 TCMW16T304
Rake angle [°] 5 5 0 0 0
Clearance
angle [°] 6 6 7 7 7
Enterl{:% angle 91 91 91 91 91
Nose radius 0.4 0.4 0.4 0.4 0.4
[mm]
Coolant Emulsion (6%) Emulsion (6%) Emulsion (6%) Emulsion (6%) Dry

5.4 Diffusion couple tests

To investigate whether there are differences in wear by diffusion/dissolution during cutting Alloy
718 and Waspaloy, static diffusion couple tests on both alloys and the cemented carbide tool
material were conducted. For these tests, the same tool grade was used as in the corresponding
machining tests on the superalloys. Even though the static contact condition between workpiece
and tool is significantly different from the dynamic case during machining, diffusion couple tests
can provide a qualitative comparison of this wear mechanism when machining the two superalloys.

Polished surfaces of samples of the superalloys and the cemented carbide material were brought in
contact (about 24.5 MPa contact pressure) while being placed inside a furnace held at the respective
test-temperature. During the tests, flowing nitrogen was used to prevent oxidation of the samples.
A summary of the test conditions can be seen in Table 6. After the tests, the diffusion couples were
cross-sectioned and metallographic specimens were prepared by use of conventional grinding and
polishing. The specimens were examined at the superalloy/tool interface using scanning electron
microscopy and Auger-electron spectroscopy.

Table 6: Overview of test conditions during static diffusion couple tests on the superalloys.

Workpiece/tool material Tem%zzr]a fure Time [min] Contact pressure [MPa]
Alloy 718/WC-Co 800, 1000 90 ~24.5
Waspaloy/WC-Co 800, 1000 90 ~24.5
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5.5 Microstructure and wear characterization

5.5.1 Scanning electron microscopy and associated techniques

A major part of the presented work was dedicated to characterization of the studied workpiece
materials and worn tools using scanning electron microscopy (SEM). In SEM, a finely focused
electron beam is scanned across the specimen surface in a scan raster [59]. The incident electrons
interact with the atoms of the specimen leading to the formation of different types of signals which
can be detected and used for imaging and analysis.

e Secondary electrons (SE) are used for imaging the specimen’s topography. SEs are outer shell
electrons which are ejected from atoms of the specimen due to inelastic scattering of primary
beam electrons. SEs have low kinetic energy (< 50 eV), therefore only the SEs from
comparably shallow depths beneath the surface are able to escape the specimen [59].

e Backscattered electrons (BSE) are electrons of the primary electron beam which have been
scattered elastically. As they do not lose much energy, they can escape from deeper within the
specimen. Furthermore, the yield of BSEs is dependent on the atomic number of the elements
in the probed specimen with heavy elements having higher yield than light elements. It is
therefore possible to obtain chemical contrast with help of BSEs (heavy elements appear bright
and light elements dark) [59].

The obtainable spatial resolution of the SEM is dependent on the spot size of the focused electron
beam as well as the size of the interaction volume. The interaction volume in turn is a function of
the energy of the primary electron beam, the atomic number of the imaged material, and the tilt-
angle of the specimen surface relative to the primary electron beam. For example, lower energy of
the incident electrons, higher atomic number of the imaged material yield in a smaller interaction
volume. Similarly, the interaction volume becomes smaller and asymmetric for increasing tilt of a
specimen surface relative to the primary electron beam [59].

In this study, a FEI/Philipps XL-30 and a LEO Gemini SEM, both equipped with detectors for
SE and BSE imaging were used. For the high-resolution imaging of worn tool surfaces and thin
adhered layers, acceleration voltages between 1 to 5 kV were preferably used in order to limit the
interaction volume and to decrease the sampling depth of the electron beam. In some cases, the
used acceleration voltages were altered systematically (up to 20 kV), either to get an impression of
the thickness of adhered layers, or to study the tool material underneath. In addition to imaging,
energy-dispersive X-ray spectroscopy (EDS) and the electron backscatter diffraction (EBSD)
technique were applied to get chemical and crystallographic information of the investigated
specimens, respectively.

Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDS) utilizes element-characteristic X-rays which are
emitted upon interaction of the electron microscope’s primary electron beam with the atoms of
the probed specimen. Characteristic X-rays are generated when incident electrons are scattered
inelastically and leave the atoms ionized through emission of inner shell electrons [59]. Such inner
vacant electron sites can subsequently be filled by outer shell electrons and the atoms return to
ground state. In this way, excess energy is released by X-ray photons. The energy of the emitted X-
rays is defined by the energy difference between the electron shells involved in the process. The
energy of emitted X-ray photons is therefore characteristic for the electronic structure of the
element. By detection and measurement of energies of emitted X-rays, it is therefore possible to
obtain qualitative and quantitative chemical information of the specimen [59].
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Electron backscatter diffraction

The electron backscatter diffraction (EBSD) technique makes use of diffraction patterns generated
when the focused electron beam interacts with a crystalline specimen. The specimen surface to be
examined requires to be tilted toward the detector by approximately 70° relative to the hotizontal.
The diffracted electrons form flat cones of intensity (two parallel cones per atomic plane) above
the tilted specimen [59]. These pairs of cones generate diffraction patterns when intercepting the
phosphorous screen of the EBSD detector. A camera is used to acquire the diffraction patterns
(also called Kikuchi pattern, see example in Fig. 12b). Such diffraction patterns consist of pairs of
parallel Kikuchi lines. Their size and arrangement contain crystallographic information of the
probed material. For example, pairs of Kikuchi lines (bands) represent planes in the crystal structure
and places where bands intersect correspond to zone axes/ctystallographic directions [60]. An
automated computer system is used to detect the Kikuchi bands and their intersections in order to
extract the crystallographic information. EBSD analysis can be done at specific locations (spots) or
by scanning a predefined surface area of the specimen with a chosen step size to obtain orientation

maps [59].

In the present work, EBSD was used for two purposes, namely phase discrimination and
assessment of plastic strain. The latter was done using the local misorientation approach [61].
During plastic deformation of crystalline materials, dislocations form and lead to changes in the
lattice orientation [62]. Local orientation differences can therefore give indications of the strain
present in the material [61].

In this work, local orientation changes due to deformation were mainly presented by use of local
misorientation maps created using the HKI. Channel 5 software (Oxford Instruments). An
example of a local misorientation map is shown in Fig. 12c. The color of each pixel represents the
average orientation difference between this pixel and a set of pixels surrounding it [60]. The set of
pixels surrounding the pixel of interest (see example in Fig. 12d) is also referred to as a kernel [61].
Orientation differences due to grain boundaries can be excluded and regions of higher local
misorientation (i.e. strain) are highlighted. The local misorientation map in Fig. 12c was generated
using a pixel filter size (kernel) of 3x3 and a subgrain exclusion angle of 5°, grain boundaries (>10°)
are shown in white.

The crystallographic orientation of worn WC grain surfaces was examined in top-view after
removal of adhered workpiece material by etching. The data was obtained with a HKL Nordlys
EBSD detector (Oxford Instruments) using a step-size of 50 to 75 nm and an acceleration voltage
of 20 to 25 kV for the primary electron beam. Post processing of the acquired EBSD data was
done with the HKIL. Channel 5 software (Oxford Instruments). Additionally to the examination in
top view, some tools were cross sectioned and analyzed after conventional metallographic sample
preparation methods (grinding and mechanical polishing).
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Fig. 12: Electron backscatter diffraction analysis of worn tool surfaces: (a) Setup in SENM with surface of flank
wear land (V'B) tilted 70° relative to the horizontal; (b) individual diffraction pattern obtained on deformed surface
of a WC grainy (c) local misorientation map obtained on worn WC grains on a tool’s flank wear land; (d) schematic
of a 3x3 kernel used to determine the center pixel’s average misorientation value.

5.5.2 Metallographic examination of workpieces

The machined workpieces were investigated for their microstructure and hardness. A schematic of
the different aspects that were studied is provided in Fig. 13. Metallographic samples were taken
from different positions in the workpieces and prepared using conventional grinding, polishing,
and etching techniques. The investigations were focused on samples corresponding to longitudinal
sections of the workpiece-bars.

Optical microscopy (Leitz DMRX) in combination with SEM/EDS/EBSD (see subsection 5.5.1
for details) were used to examine the samples. Depending on the studied microstructural aspect,
samples were investigated either directly after polishing (“as-polished”) or after etching using
appropriate etchants (see Fig. 13). A modified Kallings Number 2 solution (1g CuCl, in 50 ml
methanol, 25 ml water, and 25 ml hydrochloric acid) was used to reveal the microstructure of the
superalloys. The tool and case-hardening steel were etched employing Nital (2-3% nitric acid in
ethanol) and a solution of oxalic acid (10 g oxalic acid in 100 ml water) was used for the stainless
steel bars.

Estimation of average grain size was done by use of the mean lineal intercept method [63]. Straight
lines of known length were drawn on micrographs of the respective material and the number of
grains intercepted by these lines were counted. The mean intercept length was obtained by dividing
the test-line lengths by the number of intercepted grains. The length of the test lines and the
magnification of the micrographs were chosen to yield a minimum of 50 intercepts per micrograph.
Several micrographs were analyzed for each sample. In order to obtain accurate results,
metallographic samples were examined after the grain structure was clearly visible. In case of the
investigated superalloy samples, this was the case after etching. The 316L workpiece samples on
the other hand were imaged in as-polished condition employing the BSE detector in the SEM.
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Fig. 13: Overview of metallographic examinations conducted on the machined workpieces.

As-polished samples were also examined with respect to their carbides and non-metallic inclusions.
The different types of these phases were first determined using EDS point analysis. Quantification
of their amounts was done on SEM images acquired using BSE. Contrast emerging from the
different average atomic numbers of the different types of inclusions and the material matrices
enabled to distinguish most types of carbides and non-metallic inclusions present in the different
workpiece materials. The obtained micrographs were converted to binary images and the fractions
of the respective phases were quantified using the image processing software Image] [64]. Fig. 14
contains a BSE image of a 316L specimen together with the respective binary images used for
image analysis in order to determine the fraction of sulfide and oxide inclusions, respectively. The
higher magnified inserts clearly show the possibility of distinguishing sulfide and oxide inclusions.
Note that for illustration purposes, Fig. 14 shows only one quarter of one original high-resolution
micrograph used for the quantification procedure in case of the 3161 workpieces. The original
micrographs display an area of 569 x 427 um? at a resolution of 3072 x 2304 pixels.

The hardness of all investigated workpieces was determined on as-polished samples. A Wolpert
Dia Testor 2 Rc hardness tester was used with 10 kef test force and a Vickers indenter tip and the
average of several indents was obtained for each sample.
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(a) BSE micrograph

! 40 ym 10 ym
(b) Binary - Sulfides '

(c) Binary - Oxides

Fig. 14: Micrograph with corresponding binary images used to quantify the amount of non-metallic inclusions present
in the 3161 workpieces: (@) BSE micrograph with inclusions shown as darker patches; (b), (c) associated binary
images with areas corresponding to sulfide and oxide inclusions displayed as black pixels. The inserts on the right
display a go0med-in view of a mixed inclusion containing both sulfide and oxide parts.
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5.5.3 Preparation of worn tools

After the conducted machining tests, selected worn cutting inserts were characterized in two steps
(see Fig. 15). In the first step, the tools were examined directly after the tests without further
preparation, i.e. with adhered layers of workpiece material still present on the worn tool surfaces.
At this stage the focus was put on the overall appearance of the cutting edge, the present wear
forms (e.g. flank wear, notch wear) and the characteristics of adhered layers. To prepare the inserts
for a more detailed examination, they were submerged in a solution of diluted hydrochloric acid (1
part concentrated hydrochloric acid and 1 part water) while the solution was kept at about 75 °C
until the majority of the adhered workpiece material was etched away. In the subsequent, second
characterization-step, the examination was focused on the microscopic wear features, i.e.
topography and surface deformation of WC grains.

Some inserts were additionally investigated in cross-section. Cross-sections were prepared by use
of conventional metallographic methods (mechanical sectioning with low-speed saw, grinding and
polishing).

Additionally to the mainly SEM-based examination, the surfaces of selected inserts were
investigated by use of white-light interferometry (Sensofar S Neox).

Worn cutting insert 1st wear characterization 2nd wear characterization

Chip NS 3 \
contact ) 0 \
Etching N ;
Removal of 3 ‘
Flank wear adhergd
material
» Overview of cutting edge » Microscopic wear topography
» Characteristics of wear forms + Surface deformation
» Composition of adhered layers « Composition of remaining layers

Fig. 15: Steps of SEM-based tool wear investigation conducted in this work. The micrographs show an uncoated
insert after machining 3161 austenitic stainless steel before and after etching in diluted hydrochloric acid.
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6 Summary of experimental results and discussion

This chapter first gives a summary of the microstructures and characteristic constituents of the
different workpiece materials tested within this work. Then, the results of the machining tests are
presented in terms of the measured flank wear developments and cutting forces. Finally, the SEM-
based characterization of worn cutting tools is summarized and discussed with respect to the
workpiece microstructures. It should be noted that the following summary focusses on the results
of uncoated tools.

6.1 Metallographic examination of machined workpieces

All machined workpieces were subjected to metallographic investigations with the main purpose
to determine the respective microstructural characteristics (e.g. grain size, strengthening phases,
type and amount of carbides and non-metallic inclusions) as well as the macro-hardnesses. Table 7
provides an overview of the main outcomes of the metallographic investigations carried out in this
work.

Table 7: Main characteristics of investigated workpieces.

Material type Machined Av. Av. Particles present in microstructure
alloy hardness  hardness
[HV] [GPa]
Tool steel Vanadis 10 272 2.67 Carbides (MC, M,Cs)
Superalloy Alloy 718 430 422 Intermetallics (y” precipitates, 8-phase, y’

precipitates), primary catbides (NbC), non-
metallic inclusions (TiN)

Superalloy Waspaloy 382 3.75 Intermetallics (y” precipitates), primary carbides
(TiC), non-metallic inclusions (TiN), M2;Cs
carbides

Case-hardening 20MnCtS5 164 1.61 Carbides (cementite), non-metallic inclusions

steel (MnS, Al-rich oxides)

Stainless steel 316L 154 1.51 Non-metallic inclusions (MnS and oxides)

(Supplier A)
Stainless steel 316L 180 1.77 Non-metallic inclusions (MnS and oxides)
(Supplier B)

The characteristic microstructures of most of the investigated workpieces can be seen in Fig. 16.
The tool steel contained high fractions of hard and abrasive carbides (about 16.2 vol% MC carbides
and about 7.4 vol% M-C; carbides with average diameters of 1-3 um) in a ferritic matrix (see Fig.
16a and b).

The case-hardening steel which was machined in soft condition is shown in Fig. 16c and d. The
ferritic-pearlitic microstructure of the same workpiece has previously been investigated and its
amount of pearlite was quantified as 50.2 vol% [55]. As evident in the higher magnified micrograph,
the pearlite consists of alternating lamellae of cementite (Fe;C and ferrite. The overall cementite-
content is estimated to be around 5.6 vol% in the present workpiece. Furthermore, this workpiece
contained non-metallic inclusions in form of sulfides (MnS, around 0.15%), Al-rich oxides, and
occasionally B-rich nitrides (together around 0.011%), see Fig. 16d.
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The investigated superalloys contained intermetallic phases, carbides and non-metallic inclusions
(see Table 7). Micrographs of one of the investigated alloys (Alloy 718) are shown in Fig. 16e and
f.

In contrast to the case-hardening steel, the investigated Ca-treated austenitic stainless steel with its
very low carbon content (less than 0.03 wt%) does not contain any peatlite. Furthermore, no Cr-
rich carbides which can precipitate in the investigated alloy 3161 [65] were found at the grain
boundaries of the two workpieces. Instead the workpieces’ microstructures consisted of an
austenitic matrix with occasional presence of non-metallic inclusions (see Fig. 16g and h).

Evidently, the different material types (e.g. tool steel and superalloys) are characterized by different
microstructural constituents. The variety of different microstructures and thermo-mechanical
workpiece-properties should trigger different mechanisms at the tool/workpiece interface in the
cutting zone and hence lead to different tool wear responses during machining of the different
material types. The following subsections are focused on the study of the resulting flank wear
response and the underlying wear mechanisms and their dependence on the type of machined
workpiece and its microstructure.
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Sulfide 'y

Case-hardening steel
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Fig. 16: Summary of representative micrographs showing the microstructures of some workpieces which were machined
in this study: (a), (b) Vanadis 10 workpiece with hard, abrasive carbides in ferritic matrix; (c), (d) 20MnCrS5
with ferritic-pearlitic microstructure; (e), (f) wrought Alloy 718 with o-phase, primary carbides, and TilN-inclusion;
(g) 316L (Supplier A) with anstenitic matrix and occasional presence of sulfide and oxide inclusions; (h) comparably
large sulfide and oxide inclusions imaged at higher magnification.
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6.2 Tool wear and cutting forces

This section summarizes the conducted turning tests on the various workpieces both in terms of
flank wear development and cutting forces. The results of the tool wear tests are shown in Fig. 17
where the flank wear development as a function of spiral cutting length (SCL) is depicted. The
results are grouped according to the type of machined workpiece material. Presenting the results
as a function of SCL rather than cutting time enables for clearer comparison of tool wear results
obtained when using significantly different cutting parameters which were applied for the different
workpiece materials. The SCL essentially describes the distance the cutting tool travels relative to
the workpiece surface during turning. As a complement, the corresponding total machining times
are displayed next to the respective flank wear plots.

For the majority of the shown tests, fairly stable, gradual steady-state flank wear development can
be observed. Machining one of the 3161 workpieces was an exception where almost no increase
in flank wear was seen throughout the entire test (see Workpiece B in Fig. 17¢). Furthermore,
machining of Alloy 718 using the higher feed rate resulted in accelerated, non-linear flank wear
after about 110 m SCL (see Fig. 17d). As expected, when machining all alloys, increasing cutting
speed (Fig. 17a-c) and increasing feed rate (Fig. 17d) generally led to a steeper increase in flank
wear.

A significant difference in flank wear development can be seen when comparing the results of the
two superalloys which were machined using two sets of identical cutting parameters (see Fig. 17d).
In both cases, machining of Alloy 718 resulted in faster flank wear development as compared with
Waspaloy. The same trend has previously been shown by Olovsjé and Nyborg [66] and Polvorosa
et al. [67].

Surprisingly, despite the use of identical cutting parameters, a very significant variation of flank
wear can also be observed when machining the same alloy (316L) from two suppliers (compare
Workpiece A with Workpiece B in Fig. 17¢). Machining of Workpiece A led to 0.3 mm flank wear
width after about 1800 and 800 m SCL (or 15 and 5 min machining time) for the lower and higher
cutting speed, respectively. During the same machining time, the flank wear width remained below
0.075 mm in case of both cutting speeds for Workpiece B.
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Fig. 17: Development of flank wear land width (1VB) with increasing spiral cutting length (SCL) during tests when
machining the investigated workpieces. Two workpieces of the same austenitic stainless steel (“Workpiece A” and
“Workpiece B”) were machined in (c). The used cutting speeds (in m/ min) and feed rates (in mm/ rev) are indicated
together with the total machining time (in min) for the respective test. The depth of cut was constant (1 mm) for all
tests. The data in (b) was adopted from |55].

Comparison of forces during cutting can give hints on the mechanical stresses acting on the tool
surfaces. A summary of the cutting forces associated with turning the investigated materials can be
seen in Fig. 18. All presented average forces were measured at the beginning of the first machining
interval of the respective tests. The shown forces therefore represent the forces for unworn tools
which enables to compare the forces without the influence of varying wear rates during cutting the
different workpieces. Machining of all the steel workpieces resulted in main cutting forces in the
range of 200 to 250 N under the investigated cutting parameters. Feed forces were in the range of
about 100 to 150 N for all steels except for the case hardening steel 20MnCrS5 for which higher
feed forces of about 175 N were recorded.

As compared to the steel workpieces, machining of the two superalloys generally resulted in higher
cutting forces. The difference was less significant for the lower feed rate of 0.05 mm/rev (e.g.
similar F¢ as 316L. machined with 120 m/min). For the higher feed rate of 0.1 mm/rev, however,
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the difference between the superalloys and steels was more pronounced and all three force
components were measured to be significantly higher than for cutting of all investigated steels.

The presented results of the flank wear development and the associated cutting forces emphasize
the influence of the material characteristics of the workpieces on the cutting process. For example,
despite significantly higher cutting speeds, the achieved total SCL during the turning tests on the
case-hardening steel were significantly higher than for Alloy 718. Similarly, the cutting forces were
significantly lower for the case-hardening steel as compared with Alloy 718 for the tested
conditions. These effects are to a large extent likely to be caused by different thermo-mechanical
properties of the machined materials (see chapter 4). However, despite the impact of thermo-
mechanical properties, the influence of microstructural constituents on the tool wear can also play
a role on the flank wear. Such a behavior is particularly likely when comparing the tests conducted
on workpieces of the same material type, i.e. the two superalloys (Fig. 17d) and the two stainless
steel workpieces (Fig. 17¢). In both cases significantly varying flank wear was observed even though
the thermo-mechanical properties and resulting cutting forces were in the same ranges when
comparing the two superalloys or the two stainless steel workpieces.
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Fig. 18: Summary of measured force components acting on the inserts during turning tests on the different steel
workpieces and the superalloys (Alloy 718 and Waspaloy) wusing uncoated tools. The two 3161 stainless steel
workpieces are denoted as “WPA” and “WPB”. All forces were measured during the beginning of cut, i.e. when
the cutting tools were still unworn.
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6.3 Characterization of tool wear and determination of underlying wear
mechanisms

The described characteristic properties and microstructures of the different workpiece material
types (see section 6.1) should result in different wear patterns on the worn tool surfaces. The
present section is devoted to comparing the microscopic wear features resulting from machining
the different types of workpiece materials. The shown SEM micrographs and EBSD misorientation
maps were obtained at about the center of the flank wear land on the major cutting edge, i.e. at
around half the depth of cut. Furthermore, the mechanisms responsible for the wear are discussed.

After the turning tests the worn tools were characterized across different length scales, primarily
by use of SEM in combination with associated techniques. Initially, some overview micrographs
of worn, uncoated cutting edges are summarized in Fig. 19. All investigated cutting inserts had
layers of workpiece material adhered to the worn tool surface on flank and rake face. The tendency
of material adhesion was most pronounced in case of machining the 316L stainless steel (example
shown in Fig. 19b), where the entire flank wear land and chip contact zone are covered by
workpiece material. Comparably less adhesion was seen in case of machining the Vanadis 10 tool
steel where parts of the worn tool surfaces appear almost free of adhered layers revealing the
underlying WC grains (see bright zones in Fig. 19a). It should however be noted that even such
seemingly adhesion-free zones often exhibited very thin adhesion layers. Detection of such thin
layers usually required higher magnification and lower acceleration voltages (5 kV or lower).

However, no clear indications regarding the active wear mechanisms during cutting the different
workpiece material types can be seen in the overview micrographs in Fig. 19. In an effort to make
distinctions between the different active tool wear mechanisms, the following subsections contain
a summary of electron microscopy studies on worn flank surfaces after machining the different
workpiece material types.

(a) Tool steel: Vanadis 10 (b) Austenitic stainless steel: 316L
\ \ A\ B

- ,
3 ~

"

| (d) SupéFaIon: Waspalo

Fig. 19: SEM micrographs (12 R acceleration voltage) of uncoated tools after the machining tests. The cutting
parameters were (a) v =80 n1/ min and f=0.05 mm/ revy (b) v:=160 n2/ min and f=0.08 mm/ revy (), (d) v.=45
m/ min and [=0.1 mm/ rev. The tool in (b) was used for cutting Workpiece A. The depth of cut was 1 mm for all
tests.
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6.3.1 Microscopic features of primarily abrasion- and dissolution-induced tool wear

As discussed earlier, tool wear mechanisms such as abrasion, diffusion/dissolution, adhesion, or
plastic deformation can be active simultaneously during machining. This overlap of different
mechanisms makes their identification challenging. It is therefore important to know the
microscopic wear-features which are characteristic for an individual tool wear mechanism. This
subsection is focused on providing such knowledge in case of abrasion- and dissolution-induced
tool wear of uncoated cemented carbide inserts by focusing on the tests conducted on the Vanadis
10 and 316L workpieces. These tests were conducted specifically for the purpose of obtaining
primarily abrasive tool wear and tool wear caused primarily by dissolution.

Theoretical considerations of abrasive and dissolution tool wear

Whether a particle within a workpiece can cause abrasion of the tool material when it comes into
contact with the tool during cutting depends largely on the particle’s hardness relative to the tool
material at the respective temperatures. The machined workpiece materials contained different
types and amounts of potentially abrasive particles (see Fig. 16). In Fig. 20, a summary of the ranges
of reported high-temperature hardness of the majority of the relevant workpiece-particles is
provided. The hardness range of WC, the main constituent of the uncoated cemented carbide tools,
is displayed for comparison.

Depending on its source, the reported hardness data can vary substantially. It is likely that these
variations have (to some extent) to do with differences in the experimental details during hardness
measurements but are mainly related to variations in the stoichiometry, grain size, and porosity of
the investigated compounds. For example, the hardness variations of the (Fe,Cr);C; carbide and
cementite ((Fe,Cr);C) are related to different Fe/Cr ratios [68].

Of the investigated material types, Vanadis 10 and 316L exhibited the most significant differences
regarding the amount of hard, abrasive phases in their microstructures. This can be seen in Table
8 and the respective micrographs in Fig. 16. The carbides in the Vanadis 10 workpiece can act as
abrasive particles, this is because the hardness range of MC carbides (vanadium-rich) and M,C;
carbides (iron- and chromium-rich) lies above the range of WC (see Fig. 20a). The abrasive
potential and the high fraction of the carbides (in total nearly 24 vol%) suggest abrasion to be the
main wear mechanism of the present cemented carbide tools when machining the tool steel.

In contrast, the sulfide inclusions of the 316L workpiece are significantly softer than the WC grains
(see Fig. 20a), they are therefore not able to contribute to tool wear by abrasion. Oxide inclusions
in 316L steel can —depending on exact stoichiometry— potentially have high enough hardness to
cause abrasive tool wear. Due to the relatively small quantity of oxide inclusions in the investigated
316L workpiece (around 0.04 vol%) and the fact that the material was calcium-treated to obtain
comparably soft oxide inclusions, their overall abrasive effect is expected to be of minor
importance. Abrasive tool wear should therefore not play a significant role when machining this
316L workpiece using uncoated cemented tungsten carbide tools.
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Fig. 20: Ranges of reported high-temperature hardness data of particles present in (a) the investigated steel workpieces
and in (b) the superalloy workpieces: 1°C [69], [70]; (Fe,Cr),C5 [68]; (Fe,Cr)sC [68], [71]; MnS [72]; ALO;
[73], [74]; T:iC [69], [70], [75], [76]; TN [77], [78]; N&C [75], [79], [80]. For comparison, the hardness
range of WC is presented as dashed lines [18], [75], [81].

Table 8: Results of guantification of different particles present in the Vanadis 10 tool steel and the 3161 austenitic
Stainless steel.

Workpiece material Particle type Content [vol%] Average size [um’]
. MC carbide 16.2 1.1
Vanadis 10 M;Cs carbide 74 3.1
. MnS 0.13 5.3
3161 (Workpiece A) Oxide inclusions 0.04 2.6

Another possible active mechanism is dissolution/diffusion of tool constituents into the
chip/wortkpiece (see section 3.3). Calculated solubilities of different tool constituents in pure
ferritic and austenitic iron are provided in Fig. 21a to c.

Evidently, WC has the highest solubility, i.e. lowest resistance against dissolution, for machining
both ferritic and austenitic iron (Fig. 21a). In comparison, common coating materials such as TiC,
TiN, and ALOs should have significantly higher resistance against wear by dissolution. This can be
deduced from the fact that their solubilities in ferrite and austenite lie several orders of magnitude
below WC (compare Fig. 21).

For uncoated tools, it should also be highlighted that below 1200 K the solubility of WC in
austenitic iron is expected to be about two orders of magnitude higher than in ferritic iron (see Fig.
21a). This suggests that for similar ranges of process temperatures, dissolution wear of WC is more
pronounced in case of machining the austenitic 316L. workpiece as compared with the ferritic
Vanadis 10 material.

In summary, the discussion regarding the hardness and solubility data presented in Fig. 20 and Fig.
21 lead to the conclusion that for uncoated tools, abrasion is expected to be dominant when
machining the Vanadis 10 tool steel while no significant abrasion should occur in case of the 316L
austenitic stainless steel. Machining 316L with uncoated tools should instead primarily lead to tool
wear by dissolution.
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Fig. 21: Comparison between (@) WC and (b,c) commonly applied coating materials regarding their estimated
solubility (in mole fraction X) in pure iron (a-iron: ferrite, y-iron: austenite) as a function of temperature [82].

Characterization of worn, uncoated tool flank surfaces

The following paragraphs contain a summary of the SEM-based examination of abrasive- and
dissolution-dominated tool wear when machining the tool steel and austenitic steel, respectively.

The two investigated tool wear mechanisms resulted in significantly different topographies of the
worn WC grains. As seen in Fig. 22a, abrasive wear in case of machining the tool steel resulted in
WC grain surfaces with sub-micron sized grooves which are aligned parallel to the sliding direction
of the workpiece/chip on the flank/rake side of the inserts. The observed grooves are smaller than
the average size of the carbides present in the workpiece. This is likely because of the carbides
breaking up into smaller fragments during sliding contact with the tool surfaces. Additionally, some
WC grains are subjected to micro-fragmentation (see Fig. 22a).

In contrast, mainly dissolution-wear during machining the 316L stainless steel bars led to flat-worn
and smooth WC grain surfaces (Fig. 22b). Neither grooves aligned with the workpiece sliding
direction, nor micro-fragmented WC grains were seen. This wear-topography was characteristic for
adhesion-free WC grains after machining both 3161 workpieces using 120 m/min and 160 m/min
cutting speeds.

Similarly to the topography, significant differences between machining both materials were
observed regarding the induced surface-deformation on the tools’ flank faces (see EBSD results in
Fig. 22¢ and d). The WC grain surfaces in case of machining Vanadis 10 were deformed during
cutting. This can be seen by the measured strain, i.e. the mainly green and yellow pixels (2-3°
misorientation) in the local misorientation map of Fig. 22¢. No significant local misorientation and
hence strain was measured after machining the stainless steel. The corresponding EBSD map in
Fig. 22d shows mostly blue pixels, i.e. close to 0° local misorientation.

The wear topography and surface-deformation were also examined for the higher cutting speeds
used for the two workpiece materials. In both cases, no significant differences were observed when
comparing the results with the lower cutting speeds presented in Fig. 22.

Additional to the top-view examination, a cross section of an insert used for machining Vanadis
10 was examined using EBSD. Mapping of an area adjacent to the worn flank face showed that the
strain within WC grains was confined to a narrow zone (< 1 um deep) right beneath the worn flank
surface. Plastic deformation of the tool material therefore occurred superficially and no bulk
deformation of the WC phase in the tool had occurred.

The significantly different surface-characteristics of the worn tools after machining the 316L and
Vanadis 10 workpieces are not likely to be the result of different loads acting on the tools during
cutting. As seen in Fig. 18, similar feed and passive forces were measured during cutting both steels,
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whereas slightly higher main cutting forces were seen in case of the stainless steel. The higher strain
induced in the WC grain surfaces in case of Vanadis 10 are therefore expected to be a result of
abrasion caused by sliding contact of the WC grains with the workpiece-carbides. In case of
machining the 316L workpiece, no significant amounts of abrasive phases were present and
therefore no abrasion and surface deformation of the tool took place during cutting.

The shown microscopic characteristics for abrasive- and dissolution induced tool wear in case of
uncoated WC-Co tools can serve as a reference when investigating active wear mechanisms and
other workpiece materials are machined (see upcoming subsection).

Vanadis 10 — Abrasive tool wear 316L — Dissolution tool wear
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Fig. 22: Characteristics of worn WC grains on flank wear land after machining the 1 anadis 10 tool steel and the
anstenitic stainless steel 3161.: SE micrographs in (a) and (b); EBSD local misorientation maps in (c) and (d).
Note that the EBSD maps do not show the same area as the SE micrographs. The tool steel was machined with
=40 m/ min and [=0.05 mm/ rev and the stainless steel was machined with v.=120 m/ min and [=0.08 nm/ rev.

The depth of cut was 1 mm in both cases. The presented results were obtained after removal of adbered workpiece
material by etching.
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6.3.2 Flank wear mechanisms for machining the superalloys and case hardening steel

The appearance of the flank wear topographies and the presence of surface deformation after
machining the superalloys (see Fig. 23a and c) and its resemblance to the characteristics of abrasive
tool wear presented in subsection 6.3.1 suggest that abrasive wear was a major active mechanism
when machining the superalloys. Note that the shown micrographs in Fig. 23a and c are
characteristic for machining both superalloy workpieces (Alloy 718 and Waspaloy).

As seen in Fig. 23b and d, machining the case hardening steel yielded in smooth surfaces of most
of the worn WC grains with occasional presence of grooves and neatly strain-free WC grain
surfaces. These features are most similar to the characteristics of dissolution wear shown in Fig. 22
(smooth, strain-free surfaces) with only minor signs of abrasive wear (grooves, ridges).

Based on the microscopic wear characteristics, it is therefore suggested that the contribution of
abrasion to the tool wear is larger in case of machining Alloy 718 and Waspaloy than when
machining the case-hardening steel. Tool wear in case of the steel is consequently expected to be
mainly caused by dissolution wear with minor contributions of abrasion.

The possible reasons for the difference in the contribution of abrasion to the overall wear rate for
both material-types can be explained by looking at the microstructures of the machined materials:
from the metallographic examinations done on the workpieces (see example micrographs in Fig.
16), it could be seen that all three alloys contain potentially abrasive phases. In case of the
superalloys these are primary carbides and TiN inclusions, in total about 0.36 vol% and 0.07 vol%
for Alloy 718 and Waspaloy, respectively. Both particle types have sufficiently high hardness to
abrade the tool material (see Fig. 20b). For the steel on the other hand, cementite and mainly Al-
rich oxides (likely ALOs) were identified. Al,Os has sufficiently high hardness to act as abrasive
particles but their quantity was only about 0.01 vol%. Despite its comparably high content of
around 5.6 vol%, the abrasive potential of cementite is comparably low due to its lower hardness
compared to the other phases in the steel and superalloys (compare Fig. 20a and b). Based on this
discussion, the microstructural constituents in the superalloys have a higher abrasive potential
which can help explain the higher contribution of this wear mechanism as compared with
machining the case-hardening steel.
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Fig. 23: Characteristics of worn WC grains on flank wear land after machining the investigated superalloys and the
case-hardening steel: SE micrographs in (a) and (b); EBSD local misorientation maps in (c) and (d). Note that the
EBSD maps do not show the same area as the SE micrographs. The Waspaloy workpiece was machined with 45
m/ min cutting speed and 0.05 mm/ rev feed rate and the case-hardening steel with 240 1/ min cutting speed and
0.075 mm/ rev feed rate. The depth of cut was 1 mnz in both cases. The presented results were obtained after removal
of adbered workpiece material by etching.

6.4 Influence of workpiece material microstructure on wear characteristics

After identifying the probable active flank wear mechanisms for machining the different types of
workpiece materials in the preceding section, this section is focused on the influence of workpiece-
microstructure on the overall flank wear in case of the two superalloys and the two bars of 316L
stainless steel.

6.4.1 Comparison of Alloy 718 and Waspaloy

The tool life test results presented in Fig. 17 revealed an interesting discrepancy in flank wear
development when machining the two superalloys. Under both test conditions, Alloy 718 led to
significantly faster progression of flank wear as compared with machining Waspaloy. The same
trend has been reported previously under conventional cooling conditions [66] and under influence
of high-pressure coolant supply [67]. The present subsection is devoted to discussing the possible
reasons for the differences in wear development during turning.

A comparison of the cutting forces associated with machining the two superalloy workpieces does
not provide the answer for the different wear rates. Even though the investigated Alloy 718
workpiece was about 13 % harder than the Waspaloy workpiece (see Table 7), similar cutting forces
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were measured when cutting both materials with identical cutting parameters (see Fig. 18). For
both tested alloys, the main cutting forces were around 250 and 450 N for the low and high feed
rate, respectively. Regarding the feed forces, a difference was obtained for the lower feed rate where
around 250 and 210 N were measured for Alloy 718 and Waspaloy, respectively. For the higher
feed rate, however, the feed forces were similar and at around 325 N. Consequently, it is unlikely
that differences regarding mechanical loads acting on the cutting tools are responsible for the
different flank wear behavior during cutting the two alloys.

As discussed in chapter 4, the thermal properties of a workpiece influence the temperature in the
cutting zone. Table 9 contains a comparison of the thermal properties of Alloy 718 and Waspaloy.
Accordingly, their thermal conductivities and specific heat capacities lie in similar ranges. The
dissipation of heat from the cutting zone into the chip/workpiece is therefore likely to be similar
during machining both alloys. The specific heat capacities reported for elevated temperature
indicate that slightly more energy is required to raise the temperature of Alloy 718 as compared
with Waspaloy. Consequently, for the same cutting parameters, similar amount of tool wear, and
similar cutting forces, slightly lower cutting temperatures could occur when machining Alloy 718
as compared with Waspaloy.

Similarly to the mechanical loads, it is unlikely that significantly different thermal loads during
cutting the two alloys cause the large variation in flank wear. This is because slightly lower
temperatures in the cutting zone when machining Alloy 718 would suggest lower tool wear, mainly
due to less pronounced thermal-softening of the tool material. However, the opposite trend of
Alloy 718 being associated with faster progression of flank wear was observed during the tests (see
Fig. 17d).

Table 9: Comparison of thermal properties of Alloy 718 and Waspaloy at different temperatures [83], [84].

Property Material 21°C 538 °C 871 °C
Specific heat capacity ~ Alloy 718 430 560 0645

[J/ (keK)] Waspaloy - 540 580
Thermal conductivity  Alloy 718 11.4 19.6 24.9

[W/(mK)] Waspaloy 10.7 18.1 24.1

In order to investigate whether differences in tool wear by dissolution during cutting could have
contributed to the overall flank wear differences between Alloy 718 and Waspaloy, diffusion couple
tests were conducted. The goal of the tests was to compare the contribution of
diffusion/dissolution processes to the wear of uncoated cemented carbide inserts when machining
the two alloys. The investigation comprised of diffusion couple tests which enabled to simulate the
intimate tool/workpiece contact in the cutting zone under static, controlled conditions. It should
be noted that the static test conditions are different from the dynamic situation at the interface of
tool- and workpiece-material in the cutting zone. However, such static diffusion couple tests can
provide a qualitative comparison of the dissolution wear when machining both superalloys.

Fig. 24 depicts EDS line scans across the interfaces of the tested diffusion couples. In all graphs, a
steep decrease or increase of the X-ray signal originating from W and Ni can be seen across the
tool/superalloy interfaces (the interface is approximately at the center of the x-axis). A slightly
more shallow decrease or decay of the X-ray intensities can be seen for the diffusion couples tested
at 1000 °C. This is because diffusion is a thermally activated process and hence more interdiffusion
between the tool and the superalloys occurs at higher test-temperatures. However, when comparing
the Alloy 718- and Waspaloy-containing diffusion couples tested at the same temperature, no
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distinct difference can be observed regarding the size of the diffusion-affected zones adjacent to
the tool/workpiece interface (see EDS line scans in Fig. 24).

Even though wear by dissolution is likely active with a potentially significant contribution to the
tool wear when cutting both workpiece materials, the presented experimental results suggest that
it is unlikely that varying magnitudes of dissolution of tool atoms into the chip or workpiece are a
major factor contributing to the differing flank wear developments when machining the two alloys
with uncoated cemented carbide inserts.
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Fig. 24: Qualitative comparison of EDS line scans across the interfaces of the tool material (W C-Co) and superalloys
after static diffusion couple testing for 90 min at 800 °C and 1000 °C, respectively.

When comparing the microscopic characteristics of worn tool surfaces after machining both alloys,
no significant differences regarding the wear topographies could be seen. In both cases, worn WC
grains exhibited characteristics similar to the ones exemplified in Fig. 23a. As discussed previously,
and based on the microscopic wear-features, abrasive wear is expected to be a significant
contributor to flank wear during cutting both alloys.

A more detailed examination and quantification of hard, potentially abrasive phases in both alloys
was therefore conducted. Table 10 presents a summary of the obtained results. Quantification of
primary carbides and non-metallic inclusions in both workpieces showed that Alloy 718 contained
significantly higher fractions of these phases as compared with Waspaloy. It is therefore likely that
abrasive wear was more pronounced in case of machining Alloy 718 which in turn explains why
flank wear develops faster when machining this alloy.
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Table 10: Quantities of hard, abrasive phases in the investigated superalloy workpieces. Primary carbides (NbC
and TiC) and non-metallic inclusions (TiN). The total investigated sample area was about 15.5 mnr’ for each ally.
[85]

Alloy 718 Waspaloy
Type of particles TiN NbC TiC and TiN
Averag62 number of particles 142 133.8 25
per mm
Area fraction [%0] 0.05 0.31 0.07
Median of particle projection 248 14.8 124

area [um?’|

6.4.2 Batch-to-batch variations in 316L austenitic stainless steel

This subsection deals with the reasons behind the observed differences in flank wear development
when machining the two 316L austenitic stainless steel workpieces. As seen in Fig. 17, the turning
tests revealed significant differences in the flank wear developments when machining the two
workpieces supplied by different manufacturers. While a steady increase of tool flank wear was
observed for machining the workpiece of supplier A, the flank wear stayed nearly constant
throughout the entire test in case of supplier B’s workpiece. A summary of the conducted
metallographic investigation on both workpieces is provided in Table 11. The difference in grain
size between both workpieces of the present study (see Table 11) is expected to mainly influence
the tool notch wear behavior when cutting the two workpieces (see chapter 4). As reported by e.g.
Jiang et al. [46], austenite grain size has only an insignificant influence on flank wear when
machining stainless steel.

Table 11: Summary of the comparative metallographic study conducted on the two 3161 austenitic stainless steel
workpieces. The presented values were obtained on samples exctracted from the outer diameter of the steel bars which
is the part which was utilized for the machining tests.

316L workpiece

Supplier A Supplier B
Grain size, mean lineal intercept 3349 A3+ 5
length [um]
Hardness [HV] 154 + 14 180 £ 2
Hardness [GPa] 1.51 £0.14 1.77 £ 0.05
Delta ferrite (vol%) Insignificant 0.07 £ 0.09
Sulfide inclusions (vol%o) 0.13 0.11
Oxide inclusions (vol%) 0.04 0.01

Differences in hardness cannot explain the variations in flank wear development either: as seen in
Table 11, the workpiece of supplier B was about 17% harder than the material of supplier A. This
is in line with the cutting force measurements showing slightly higher force components when
cutting Workpiece B (see Fig. 18). Higher hardness and resulting cutting forces would suggest
slightly higher thermo-mechanical tool-loads which in turn would lead to faster wear when
machining workpiece B, however the opposite was observed during the turning tests.

Instead, the micro-constituents present in the workpieces are likely the tool-life limiting factor in
this case. Both workpieces contained different types of non-metallic inclusions and stringers of
delta ferrite. Regarding the latter and in light of the previously presented data on solubility of WC
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in austenite and ferrite (higher solubility and hence dissolution-wear for machining austenite, see
Fig. 21a), the workpiece containing more delta ferrite should be subjected to less wear by
dissolution. Examination of metallographic samples of the machined sections showed that only the
material of supplier B contained significant amounts of delta ferrite (see Table 11). However, since
the amount of delta ferrite was very low, this effect is expected to be only of minor significance.

Characterization of worn tools after machining showed that machining the two workpieces has
promoted the formation of different types of adhesion layers on the worn tool flank surfaces after
machining the two workpieces. A series of SEM images of an insert after machining workpiece B
is provided in Fig. 25. An oxygen-rich transfer layer was found to cover large parts of the flank
wear land (see Fig. 25b to d). This layer was located in the lower part of the flank wear land
including the transition from the worn to unworn tool surface and it remained on the surface even
after etching of the tool for removal of adhered material. The adhesion-free, worn WC grains
(upper half of micrograph in Fig. 25d) showed the same topographical features which were shown
to be characteristic for tool wear by dissolution discussed in subsection 6.3.1. In case of machining
workpiece A, no such oxygen-rich transfer layer could be found, neither before nor after etching
the insert for removal of adhered material.

Given the reported effects of non-metallic inclusions on the wear of metal cutting tools by e.g.
formation of stable, protective layers [47]—[51], it is likely that different types of inclusions present
in the workpieces are responsible for the different mechanisms at the tool/workpiece interface
during cutting. It is suggested that the layer which has exclusively formed during machining of
workpiece B provided protection against dissolution-wear by forming a passivating film on the tool
surface and thereby limited the overall flank wear during cutting this workpiece. During machining
of the other workpiece, no such layers have formed and hence the tools were not protected against
dissolution-wear which explains the higher flank wear rate.

A closer examination of the inclusions in both workpieces showed that both workpieces contained
similar quantities of sulfide inclusions (see Table 11). EDS analysis suggests that the sulfides in
both workpieces were MnS containing small amounts of chromium. As discussed in subsection
60.3.1, sulfide inclusions are very soft and are generally assumed to have beneficial influence on the
tribological conditions at the tool/workpiece interface in the cutting zone [50]. However, they
usually do not contribute to the formation of stable, protective films on tool surfaces [86].

As opposed to the sulfide inclusions, closer examination of the oxide inclusions revealed
compositional differences between both workpieces. The analyzed oxide inclusions could be
divided into four distinct groups. Each group’s average composition is summarized in Table 12.

According to Nordgren and Melander [86], the mechanical properties and the resulting
deformation behavior are the decisive factor for the ability of inclusions to form stable, protective
layers on tool surfaces. As for example shown in the comprehensive work by Kiessling and Lange
[87]-[90], the mechanical properties of oxide inclusions can vary significantly depending on their
exact composition. It can therefore be expected that the four groups of oxide inclusions (Table 12)
exhibit varying mechanical properties which will affect their abilities to form protective layers on
the tools during cutting. It seems that the specific composition of the inclusions in workpiece B
are favorable for the formation of protective layers on uncoated cemented tungsten carbide tools
for the tested cutting conditions.
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Fig. 25: Worn cutting tool after machining the 3161 workpiece from supplier B using 160 n/ min cutting speed.
(a) overview micrograph; (b) closer view of flank wear land with partly electron-transparent transfer layer using 20
k1 acceleration voltage; (c) EDS spectrum obtained on O-rich adbesion layer; (d) micrograph (5 RV acceleration
voltage) of same tool after removal of adbered workpiece material.
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Table 12: Average composition (in at%) of different types of oxides in both investigated 3161 workpieces. Standard
deviations are given in brackets. The composition of each inclusion-type was measured on at least 5 inclusions using
EDS point analysis (15 k1 acceleration voltage of primary electron beam). [91]

Work- Element

piece (O Si Ca Al Mn Ti Mg Cr

A 57.3 8.8 15.0 18.9
19 ] (05 (£05 ] (£1.9)

B 66.6 27.4 6.0
14 ) ) ) (£32) (£2.2)

A 59.1 155 9.4 6.3 6.4 ] 0.7 0.9
(£08) (£04) (£0.6) (*06) (0.9 (£0.1)  (£04

B 63.4 108 124 47 3.7 1.8 1.6 0.8

(£09) (£04) (108 (£02) (£07) (105 (£03) (02

6.5 Flank wear mechanisms when using coated tools

As a complement to the uncoated tools, some tests with coated tools were conducted. This was
done for the tool steel and stainless steel. The results in this section exemplify that the
active/dominant tool wear mechanisms are also dependent on the employed tool/coating material
and can change when e.g. adding coatings to the cutting tools. Additionally, the increased
complexity of the wear-characterization of coated tools is highlighted.

From theoretical considerations and the observed wear features on the cutting tools (subsection
6.3.1) it was concluded that the uncoated cemented carbide tools wear by mainly abrasion and
dissolution when machining the tool steel and stainless steel, respectively. The corresponding wear

features after machining these two materials with TiCN-ALOj; coated tools are summarized in Fig.
26.

In case of machining the tool steel, the topographies of the worn AlO; and TiCN coatings (see
Fig. 26b and c) are similar to the topography of WC grains of uncoated tools (compare Fig. 22a):
the coating materials exhibit ridges and grooves which are aligned with the sliding direction of the
workpiece during cutting. The presence of grooves is less pronounced in case of the TiCN coating.
Based on these observations it is likely that —similar to the uncoated tools— abrasion is the main
active mechanism responsible for the wear of the coating materials.

In contrast, the flank wear topography of the coating materials was significantly different from the
uncoated tools when machining the 316L stainless steel. Despite the etching, some transfer material
remained adhered to the tool surface locally (see Fig. 26e). The remaining transfer material
complicates the assessment of the underlying, worn coating material. Nevertheless, it appears that
the coating materials exhibit rougher surfaces as compared with the smooth, flat-worn tool
constituents when using uncoated tools for machining this workpiece (compare with Fig. 22b). The
high-magnified micrograph in Fig. 27 shows a small patch which is entirely free of adhered
workpiece material. The TiCN surface exhibits a facetted fracture surface. Based on these
observations and the fact that the solubility of the coating materials in iron are several orders of
magnitude below the solubility of WC in iron (see Fig. 21) it is believed that tool wear by dissolution
does not play a significant role for coated tools when machining the stainless steel. Instead,
adhesion-induced localized chipping and micro-fragmentation of the coating is dominant for the
wear of the TiCN and ALOj coatings when machining 316L under the investigated conditions.
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Flank wear overview Worn Al,O; coating Worn TiCN coating

a ‘ Cutting edge

Tool substrate

Machining Vanadis 10 tool steel

Machining 316L stainless steel

Fig. 26: Comparison of wear features on the flank surfaces of TiCIN-ALOj coated cemented carbide tools after
machining the tool steel and stainless steel. The tool steel was machined with v.=80 m/ min and f=0.05 mm/ rev
and the stainless steel was machined with v.=160 m/min and f=0.08 mm/ rev. The depth of cut was 1mm in
both cases. The presented results were obtained after removal of adhered workpiece material by etching. [82]

Fig. 27: Adbesion-free patch (encircled area) of worn TiCIN coating surface after machining the stainless steel
[82].
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7 Conclusions

The main objective of the present work is to enhance the fundamental understanding of the
influence of the workpiece material and its microstructure on flank wear of uncoated cemented
carbide tools during metal cutting. In connection to the research questions (RQ) formulated in
section 1.1, the following conclusions (summarized in Fig. 28) can be drawn:

Tool wear characteristics and underlying wear mechanisms during machining the investigated
materials (RQ1 and RQ2)

Investigations of the active wear mechanisms during metal cutting require in-depth analyses
of the worn tool surfaces and of the microstructure of the machined workpieces.

Results of these investigations in combination with available high-temperature hardness
and solubility data of microstructural constituents in the workpieces help to better explain
the characteristic flank wear behavior and microscopic wear-features on the tool surfaces
after cutting the respective material.

The high fraction of hard, abrasive carbides present in the Vanadis 10 tool steel leads to
primarily abrasion-induced flank wear.

Abrasive wear is a major contributor to the flank wear when machining the superalloys
Alloy 718 and Waspaloy. Abrasion is mainly caused by primary carbides and non-metallic
inclusions in the workpieces. Additionally, dissolution wear is likely to significantly
contribute to the tool wear when machining these materials.

Cutting the case-hardening steel 20MnCrS5 with about 50% peatlite is dominated by
tool wear by dissolution with minor contributions of abrasion. Mild abrasion is caused by
cementite and small quantities of oxide and nitride inclusions in the workpiece.

The very low amount of hard phases in its microstructure and comparably high solubility
of the main tool constituent (WC) in 316L austenitic stainless steel lead to tool wear by
mainly dissolution.

The microscopic features of abrasive tool wear on the cemented carbide tool material
consisted of sub-micron sized groves combined with micro-fractured carbide grains. The
worn tool surfaces are furthermore subjected to plastic deformation induced by the
abrading particles of the workpiece sliding against the tool surface during cutting.

Wear by mainly dissolution of the cemented carbide tool material results in smooth
carbide surfaces. Neither grooves nor micro-fragmentation or plastic deformation of the
carbide grains in the tool occur.

Microstructural differences and their influence and tool wear mechanisms and flank wear (RQ3)

Using the same cutting parameters, turning Alloy 718 resulted in up to ~180% higher
maximum flank wear (at equivalent machining time) as compared with Waspaloy.
Neither significant differences in tool wear by dissolution, nor differences in thermal and
mechanical loads on the cutting tools during machining the two superalloys are major
contributors to the different flank wear responses.

Varying amounts of hard phases in the workpieces were responsible for the different flank
wear rates. The total fraction of primary carbides and nitride inclusions was about 5 times
larger for Alloy 718 which can explain the higher tool wear when machining this workpiece.

Machining the same austenitic stainless steel (316L) with the same specifications but
obtained from different suppliers can lead to very inconsistent flank wear rates. In the
present case, around 80% less flank wear was observed for one supplier’s workpiece at
equivalent machining times.
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Readily available material data (e.g. grain size and hardness) cannot necessarily explain the
resulting tool life for certain materials. For the investigated 316L workpieces these
microstructural aspects could not explain the flank wear variations.

The composition of non-metallic inclusions determines their behavior and role during
contact with the tool surface in the cutting zone. The specific composition and resulting
properties of the inclusions in one of the investigated workpieces led to build-up of a stable
inclusion-layer. However, the composition of the other inclusions in the workpiece did not
favor the formation of an inclusion-layer.

If present, an inclusion layers can provide protection of the underlying tool material against
further tool wear by limiting the dissolution of tool material into the chip/workpiece.
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8 Future work

Based on the results presented in this thesis, the following suggestions are made regarding an
extension of the work with respect to tool wear and the effect of the machined workpiece material.

The present work was mainly focused on the tool wear occurring on the flank faces of the
cutting tools. The presented characterization approach could be extended to study how the
workpiece properties and microstructure can affect the wear on the rake side of the tool
(e.g. depth of crater).

The EBSD-based examination of the worn tool surfaces could be extended to study the
effect of varying cutting parameters on the average strain induced during machining. In this
way the effect of e.g. cutting speed (i.e. temperature in the cutting zone) on the relative
contribution of abrasion and dissolution could be examined.

The exact mechanisms and factors responsible for the ability of non-metallic inclusions
present in the 316L workpieces are worth further examination. For this purpose, the initial
phase of the build-up of the inclusion layer on the cutting tool and its evolution with
increasing machining time should be examined. Complementary analysis with surface
sensitive techniques (e.g. Auger electron spectroscopy and X-ray photoelectron
spectroscopy) could provide additional information about the composition of the adhesion
layer which could help explain the reason for its formation.

During machining the two superalloys, Al-rich oxide layers were found to form on the tool
surfaces during machining (see Paper III). An extended study, analyzing their exact role
and potential influence on the tool wear would provide more insight whether this
mechanism also contributes to the difference in flank wear when machining Alloy 718 and
Waspaloy.
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