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Despite the ongoing progress in metallurgical characterisation of machined surfaces, knowledge of the thermal
conditions under which they originate during the workpiece-flank interaction is still lacking. When cutting
advanced superalloys, little is known about temperature evolution in the machined part volume, where work-
piece material interacts with the tool flank. In this work, the characteristics of the thermal field and the resulting
surface metallurgy induced in a next generation nickel-base superalloy have been studied for cutting scenarios
involving different combinations of thermo-mechanical boundary conditions. Analysis of the thermal field
evolution in the workpiece subsurface has allowed the heating and cooling rates induced by cutting to be
revealed, allowing description of two distinct types of thermal cycle, with a Heating-Peaking-Cooling (H-P-C)
and a Heating-Quasi-isothermal Deformation-Cooling (HQC) structure depending on the process aggressiveness.
Subsurface thermal history has been found to relate with the severity of the cutting-induced deformation, as it
combines information on thermal field magnitude and on the process rates. Furthermore, thermal balance
equations have been applied to study the rate of the heat generation in the machined subsurface due to its own
plastic deformation while interacting with the tool flank. This has revealed that the highest rate of heat gen-
eration induced by plastic deformation occurred in thin surface layers at the beginning of the workpiece-flank
contact, which has been associated to the conditions under which white layers (WLs) are generated. Energy
balance analysis has furthermore indicated the development of a less severe and less impulsive deformation
process at higher subsurface depths, which has been linked to the formation mechanism of material drag (MD)
layers. In this way, the thermal history of machined surfaces has been related to their resulting metallurgical
integrity, allowing in-depth understanding of the physical conditions developing when cutting next-generation
superalloys.

1. Introduction

Understanding the mechanisms of microstructural modification
induced by machining processes to high performance alloys represents a
fundamental research topic with high relevance from both an academic
and industrial perspective. In fact, significant research interest is
attracted by the mechanisms governing the instantaneous microstruc-
tural alteration that can be induced in a machined surface during its
interaction with a cutting insert [1]. Moreover, as the
machining-induced surface integrity can play a crucial role in deter-
mining a material’s ability to withstand in-service loading conditions, its
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understanding is particularly relevant from an industrial perspective
within the manufacture of high value components in fields such as
aerospace, nuclear or automotive [2].

Although research attention has been focused in the past on the role
of thermal and mechanical effects on the formation of machining-
induced surface anomalies [1], the following literature analysis will
argue that, despite its primary role to describe the mechanisms of
microstructural deformation in machining, the study of the thermal
history of machined surfaces represents a topic significantly unexplored.

During chip formation, intensive material deformation simulta-
neously occurs in three distinct regions adjacent to the tool workpiece
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interface, where high temperature and strain locally develop at extreme
rates [3]. These are: (i) primary shear zone (PSZ), constituted by fast
shearing metal volumes transitioning from the workpiece material to the
forming chip; (ii) secondary shear zone (SSZ), developing by friction at
the tool-chip contact region; (iii) tertiary shear zone (TSZ), where plastic
deformation occurs due to the interference of the workpiece new
(machined) surface with the tool flank.

Because of their predominant contribution to heat generation in
cutting, the temperature fields developing in PSZ and SSZ have been
object of numerous investigations over the past years, with state-of-the-
art research being currently focused on the investigation of heat transfer
phenomena in these two shear zones and on the determination of key
parameters for their thermal analysis. However, many of the research
works investigating the cutting-induced thermal field hardly give a
perspective on the phenomena in TSZ, i.e. at the flank-workpiece
interface. Hao et al. [4] have studied the formation of thermal contact
resistance in cutting by means of high-speed thermal imaging and
scanning electron microscopy (SEM), highlighting its influence on heat
conduction at the tool-workpiece interface. However, the thermal con-
ditions induced to the machined surface volume have not been analysed.
Kryzhanivskyy et al. [5,6] have discussed the transient thermal field at
the tool-workpiece interface, implementing an approach able to esti-
mate the time evolution of heat flux and tool-chip thermal conductance
by means of an inverse problem technique. Nevertheless, the thermal
phenomena developing at the flank-workpiece interface in TSZ are not
investigated. Nemetz et al. [7] have studied the cyclic thermal loading in
coated milling inserts, in relation to the substrate plastic deformation.
However, it is not known how this relates to the thermal fields experi-
enced by the workpiece surface in TSZ and to the resulting component
integrity.

Although there exists a number of research works investigating the
machined surface temperature in cutting, a significant gap is still pre-
sent, as knowledge lacks on how such surface temperature relates to the
microstructural condition induced by machining. With focus on a Cu
alloy, Huang et al. [8] developed an improved heat-source model aiming
to represent the machined surface temperature evolution in cutting
including the effect of heating and cooling rates. Nevertheless, the im-
plications of such thermal effects on the resulting surface integrity were
not investigated. Chen et al. [9] studied the temperature evolution in
hard turning of hardened steels, showing how the peak temperature on
the machined surface is reached at its intersection with the cutting edge,
and presenting two experimental approaches for the surface tempera-
ture measurement. However, it is not known how the investigated
thermal phenomena relate to the machined surface condition. Cuesta
et al. [10] have applied infrared temperature measurement to evaluate
the heat transferred to the workpiece when drilling Inconel 718,
showing its variability in dry and wet conditions. However, the link
between surface temperatures in TSZ and the resulting surface metal-
lurgy has not been explored.

The aforementioned lack of information on the thermal field evolu-
tion in TSZ in relation to the subsurface deformation induced by
machining appears to be a significant limitation and in stark contrast
with the remarkable progress on the investigation of the small-scale
metallurgical features of machined surfaces.

In fact, when metallurgical surface integrity is a foremost require-
ment to ensure part performance, the presence of machining-induced
microstructural alterations needs to be thoroughly assessed [11].
M’Saoubi et al. [12] have studied the sensitivity of four nickel-base
superalloys (i.e. Inconel 718, Waspaloy, Alloy 720Li and RR1000) to
aggressive drilling conditions, providing and in-depth metallurgical
characterisation of the nano-scale properties of machining-induced
layers presenting severe plastic deformation (SPD). Although this
work proposes a temperature-based interpretation of the SPD layer
formation, this is based on finite element (FE) modelling to identify
representative cutting temperatures. However, the thermal evolution in
the workpiece subsurface during the plastic deformation process still
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represents an open question. Hosseini et al. [13] have investigated the
formation mechanisms of white layers (WLs) produced by hard turning
in AISI 52100 steel, discussing the effect of cutting-induced processing
conditions on the nano-scale recrystallization of mechanically and
thermally induced WLs. However, knowledge is missing on the subsur-
face thermal evolution under which this microstructural deformation
and recrystallization process takes place. Xu et al. [14] have proposed a
method to investigate the relationship between surface integrity, cutting
energy and chip formation when machining Ni-base superalloys. These
energetic considerations rely on macroscopic analyses of the cutting
process, i.e. through cutting forces and speed measurements. However,
it would be interesting to reach a local energetic description (e.g. in the
form of local heat generation) of the surface deformation process in TSZ.
Brown et al. [15] quantitatively characterised WLs induced by me-
chanical material removal in Ti-6A1-4V, discussing the generation
mechanisms of SPD in relation to this material. Also in this case, it would
be interesting to relate such plastic deformation process to the thermal
gradients developing in TSZ during machining. Studying the surface
integrity of Inconel 718 over multiple length scales, it was discussed in
Ref. [16] how the insert material, its wear state, and the material
removal rate could influence the resulting surface deformation after
mechanical machining. However, it is unclear how such processing
conditions influenced the thermo-mechanical conditions in TSZ, which
could relate to the microstructural deformation induced to the work-
piece. Liao et al. [17] have furthermore revealed the grain refinement
mechanism induced when cutting a novel nickel-base superalloy, where
the observed nano-scale recrystallization and gamma prime dissolution
process have been associated to the extreme heating and cooling rates
induced by mechanical machining operations. However, an actual
investigation on such heating and cooling rates is missing, as the thermal
history of machined surface deformation in TSZ is still an unknown
topic. Thus, despite the unprecedented knowledge being disclosed on
the metallurgy of machined surfaces, in-depth understanding of the
thermal conditions under which machining-induced SPD layers are
generated is still lacking.

Nevertheless, even if not focusing on TSZ, the relationship between
thermal fields and microstructural deformation in machining has been
considered for the case of PSZ and SSZ. Focusing on PSZ, thermal
analysis of SPD in machining of titanium at small-strain rates has shown
an analogy between temperature field measured by infrared imaging
and strain rate distribution measured by particle image velocimetry
[18]. SSZ thermal field analysis has allowed to investigate the role of
dynamic recrystallization on the cutting mechanics of AISI 1045 steel,
highlighting the microstructural characteristics of cutting regimes pre-
senting formation of built-up edges (BUEs) [19]. Also when cutting
advanced nickel-base superalloys, an association between thermal
management, machinability and surface integrity has been made,
reporting the effect of the gamma prime phase on the alloy strength-
ening or softening response in cutting [20]. However, the nature of
thermal fields experienced by workpiece subsurfaces shearing in TSZ is
not very well understood, despite its key relationship with the micro-
structural deformation and resulting microstructural surface integrity.

Addressing the present gaps within the thermal mechanisms of
microstructural surface deformation in machining assumes an even
more important role when it comes to the cutting of high temperature
superalloys with low machinability and high functional requirements. In
fact, powder metallurgy polycrystalline Ni-base superalloys for high-
temperature load-bearing applications, such as safety-critical high-
pressure discs for the hot stages of aero-engine gas turbines, are among
the most advanced materials ever developed [21]. In spite of their
crucial role in stepping up the performance of next generation
aero-engines, introduction into service of new wrought Ni-base super-
alloys is an extremely challenging task [22,23], involving in-depth
investigation of their physical-chemical behaviour and processability
[24,25]. Furthermore, as a result of the unique combination of
high-temperature strength and strict quality requirements, machining of
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Ni-base superalloys introduces high levels of complexity in all aspects of
metal cutting [26].

In spite of the fast-growing knowledge being developed on the
microstructural surface integrity induced by mechanical material
removal, full comprehension of machined surface metallurgy cannot be
achieved without an in-depth understanding of its thermal history.

In this context, the present research aims to bridge the existing gaps
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by investigating the thermal history of the material undergoing plastic
deformation in the tertiary shear zone (TSZ) and its relationship with the
workpiece microstructural surface integrity, considering a development
nickel-base superalloy for next-generation aeroengine applications as a
case study. This will allow the thermal stages of surface modification to
be described, revealing the temperature field evolution within the
machining-induced surface deformation process, and the resulting
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Fig. 1. Schematic representation of the thermo-mechanical conditions in mechanical machining. (a) Mechanical and (b) thermal effects at the tool-workpiece
interface, with focus on (c) microstructural workpiece deformation and (d) thermal field development in tertiary shear zone (TSZ) along the flank-workpiece

contact length.
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subsurface thermal cycles. Moreover, mapping the rates of heat gener-
ation in the tertiary shear zone (TSZ) will allow the stages of subsurface
plastic deformation to be discussed in relationship to the resulting
workpiece microstructural surface integrity.

2. A thermo-mechanical perspective on the machining-induced
microstructural surface deformation

To perform mechanical machining processes, plasticity needs to be
induced in the workpiece material to be removed and transformed into
chips by the action of a cutting insert. However, because of the inter-
action forces developing at the tool-workpiece interface, deformations
can also be induced in the machined part volume, where localised
microstructural distortion can be found.

A schematic representation of the thermal and mechanical phe-
nomena evolving at the tool-workpiece interface is provided in Fig. 1.
Primary, secondary and tertiary zones developing at the tool-workpiece
interface are represented from a mechanical (Fig. 1a,c) and thermal
(Fig. 1b,d) perspective with reference to an orthogonal cutting
operation.

In PSZ, plastic deformation developing at high rates transforms bulk
material layers into a swirling chip, as represented in Fig. 1a,c, gener-
ating heat and inducing high-temperatures ahead of the cutter.
Furthermore, as each forming chip leaves the cutting zone heavily
rubbing against the tool rake, severe shear deformation is induced in
SSZ. Concurrently, TSZ deformation occurs in workpiece volumes situ-
ated beyond the cutting edge, where friction between the machined
surface and the tool flank develops due to the tool-workpiece
interaction.

As a result, metallurgical modifications in the machined subsurface
can instantaneously occur under high-temperature conditions. As sche-
matically represented in Fig. 1¢,d, a material drag (MD) layer presenting
a swept grain structure can be induced at shallow depths beneath a
machined surface. Moreover, under the most aggressive scenarios, ma-
terial recrystallization can occur with formation of thin nanocrystalline
layers, also known as white layers (WLs), which can extend up to few
microns below the newly cut surface.

However, description of the machining-induced mechanical fields or
thermal fields is alone unable to provide full description of the genera-
tion mechanism of such microstructurally-deformed layers. The material
modification occurring in machined subsurfaces has been linked to the
extreme strain rates at the tool-workpiece interface, which are in the
range of 10*-10° s71 [16,17]. Cutting forces can generally provide only
macroscopic indications on the severity of the mechanical fields in
machining, which have a global character as they take into account of all
the phenomena developing at the tool-workpiece interface, i.e.
chip-rake friction, primary shear zone deformation, flank-workpiece
forces, and so on. On the other hand, despite the magnitude of
machining temperatures can provide information on the severity of a
cutting process, it should be noticed that they are inevitably influenced
by the local heat transfer boundary conditions (e.g. cutting insert
properties, presence of coolant, workpiece conductivity, etc.), and
therefore cannot always be used as a metric to compare different cutting
scenarios, especially in relationship to the workpiece subsurface
deformation.

Therefore, the severity of the mechanical or thermal conditions
imposed by the cutting process is in general insufficient to address the
resulting workpiece surface integrity, being unable to fully detail the
evolving conditions locally developing at the interface between the tool
flank and the workpiece surface plastically deforming. In fact, a one-to-
one correspondence does not in general exist between such measure-
ments of the thermal or mechanical fields (e.g. cutting forces, cutting
temperatures, or strain rates) and the plastic deformation process taking
place in the workpiece microstructure. Instead, an energetic description
incorporating both the severity of the thermal fields locally developing
in the deforming subsurface volumes but also the rates at which such
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evolution develops can relate the effect (rates of heat generation and
thermal field evolution in TSZ) to its cause (subsurface plastic
deformation).

What is hence the relationship between the thermal conditions
developing in TSZ and the surface integrity of the machined workpiece?
During the interaction of the workpiece surface with the tool flank,
plastic deformation in TSZ converts mechanical energy into heat. The
metallurgical signature of this process is in fact represented by the
workpiece microstructural condition, and thus its surface integrity. It
follows that a link must exist between the plastic deformation experi-
enced by the machined workpiece subsurface and the thermal fields
developing in the machined part volume, and specifically in TSZ.

As schematically represented in Fig. 1c and d, the transformation of
bulk material volumes into machining-affected workpiece layers occurs
within their almost instantaneous transition through the tool-workpiece
interface (e.g. at 60 m/min, a 0.1 mm distance is crossed in a 107*s
time).

Metal volumes entering TSZ could already present a high tempera-
ture after having interacted with the thermal field propagating ahead of
the cutter. As the new surface moves past the cutting edge, high-
temperature deformation is induced as a consequence of its friction
with the tool flank (Fig. 1c). This generates heat through plastic defor-
mation (Fig. 1d), inducing thermal gradients in the workpiece subsur-
face (Fig. 2). Finally, beyond the region where the tool flank interacts
with the workpiece, subsurface deformation no longer occurs (Fig. 1c
and d) and the thermo-mechanically affected surface layer cools down
while moving away from the cutting zone (Fig. 2a and b).

Specifically, a heating phase is to be expected as the workpiece
material approaches the cutting edge location, while cooling must occur
as it moves away from this zone. Therefore, continuity of the thermal
fields implies that at least one peak of temperature must exist along the
workpiece-flank contact length, i.e. between the heating and cooling
phases. Moreover, the most severe conditions should occur at shallow
surface depths, i.e. in regions passing near the tool flank, with
decreasing magnitude moving away from the machined surface (planes
Xi ... Xy in Fig. 2b and c¢).

Thus, quick loading-unloading conditions are induced in the work-
piece subsurface passing near the tool-workpiece interface. From a
mechanical perspective, material shears at high rates (Fig. 1c and d),
while from a thermal standpoint the workpiece subsurface undergoes an
instantaneous heating-cooling cycle (Fig. 2b and c). Thermal and me-
chanical fields in TSZ are in truth deeply coupled, as cutting-induced
heat generation determines the shape of thermal gradients evolving in
the workpiece subsurface, which can in turn influence the high-
temperature response of the material volumes plastically deforming.

Therefore, description of space and time evolution of the plastic
deformation process in TSZ can be achieved through energy balance
analysis. In fact, cutting-induced heat generation results in the forma-
tion of high temperature gradients, which induces heat conduction in
the workpiece subsurface. Hence, application of thermal balance equa-
tions in control volumes located in the tertiary shear zone (TSZ) can
allow the distribution of heat generation to be mapped, which enables
identification of the stages characterising the subsurface microstructural
deformation process.

Thus, open questions that emerge from this analysis include:

e What is the time and space evolution of temperature fields and
gradients (Fig. 2a,c) to which workpiece subsurfaces are subject
while crossing the tool workpiece interface?

e How is the shape of such thermal cycles (Fig. 2b and ¢) induced in the
workpiece material influenced by thermo-physical boundary condi-
tions in cutting, and what relationship exists between heating and
cooling rates experienced by the workpiece subsurface and its
microstructural integrity?
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Fig. 2. Schematic representation of the thermal field and temperature gradients evolution in the metal shear zones due to the frictional interaction and
plastic deformation developing at the tool-workpiece interface. (a) Subsurface thermal field and spatial thermal gradients induced to the machined surface by
the plastic deformation process; (b) temperature and (c) thermal gradients time evolution at different subsurface depths as the workpiece layers cross the tool-
workpiece interface, showing heating and cooling phases separated by a high-temperature deformation region. The scheme has been designed to allow a concep-
tual discussion of a possible thermal field in TSZ, in consistency with the later experimental results.

e Can the analysis of heat generation in TSZ provide information on
the formation mechanisms of machining-induced surface layers (e.g.
nanocrystalline or MD layers)?

To address these points, the thermal history of microstructural sur-
face deformation is studied under different combinations of mechanical
and thermal effects influenced by the selected cutting parameters. This
in fact produce different microstructural conditions, which are studied
and related to the thermal conditions under which they were produced
during the cutting process.

3. Experimental methodology
3.1. Thermal field measurement and machining configuration

The thermal mechanisms of surface deformation in TSZ have been
investigated in the context of dry orthogonal cutting experiments, to
allow infrared temperature measurement in the cutting zones. More in
detail, mechanical machining tests have been carried out under dry

plunge turning conditions employing a grooved workpiece presenting a
series of discs with 2 mm thickness separated by 3 mm radial grooves
(Fig. 3a and b). In this way, the side edges of the parting tool did not
engage with the workpiece while material removal was radially per-
formed (Fig. 3b). Fig. 3c provides a view of the turning set-up with
workpiece and cutting insert mounted on the lathe, and a high-speed
thermal camera positioned at a controlled distance (2 m) to acquire
thermal field measurements of the cutting process in high detail and at
high frame rates (650 Hz on a 320 x 256 pixel window). Under these
settings, a 20-pm length corresponds to a pixel unit recorded by the
thermal camera, which at the speeds typical of cutting operations is
crossed in a very narrow time interval (e.g. in the range of 107> s for a
cutting speeds of 30 m/min). This allows a small-scale analysis of the
time and space evolution of thermal fields in the workpiece subsurface,
enabling a detailed investigation of the cutting-induced thermal cycles
(previously introduced in section 2) under which microstructural
deformation is produced. The nominal temperature error for the thermal
camera is ~1%, to which additional measurement uncertainty adds
because of the thermal emissivity assessment, whose evaluation has
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been performed with a precision of +0.1 after calibration. Under such
conditions, measurement error is typically in the range of 5% [27].
When infrared thermography is employed in metal cutting, tempera-
tures are measured on the outer face of the contact width. Moreover, to
limit occurrence of metal side flow, an axial clearance gap of 0.1 mm
was allowed between the side faces of the tool and of the workpiece, as
shown in Fig. 3b, with an experimental approach similar to the one
outlined by Arrazola et al. [28]. This allowed the side flow effect to be
limited, making sure that the selected thermal frames were not affected
by its presence. In addition, a correction to the thermal maps has been
applied in post-processing to estimate thermal conditions reached at the
middle zones of the tool-workpiece cutting system, based on previous
studies on the three-dimensional temperature field in orthogonal cutting
and its measurability by means of infrared thermography [28].

As discussed in Ref. [1], the generation mechanisms of surface
integrity in mechanical machining are due to a combination of thermal
and mechanical effects developing at the tool-workpiece interface. In
particular, mechanical effects are associated to the factors defining the
mechanical interference between the cutting tool and the workpiece (e.
g. depth of cut, cutting edge radius, flank wear, rake angle, material
removal rate, etc.). Differently, thermal effects are associated to the
thermal conditions under which material removal, and hence the
workpiece plastic deformation, take place (e.g. temperature field, ther-
mal gradients, heating and cooling rates, etc.). Within mechanical
machining, these two effects are usually coupled, i.e. the mechanical
interaction between the tool and the workpiece has an influence on the
thermal field at the tool-workpiece interface, and vice-versa (e.g. due to
material temperature softening or hardening behaviour).
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Fig. 3. Experimental set-up for high-speed ther-
mal imaging of the orthogonal cutting process. (a)
Schematic of the turning condition with tool-
workpiece layout, thermal camera orientation and
machine tool kinematics. (b) Workpiece view with
detail on cutting discs geometry and tool-workpiece
.cale)  configuration, presenting a 0.1 mm axial clearance.
(c) Lathe configuration for high-speed thermal imag-
ing with thermal camera, workpiece material and
cutting insert. (d) Workpiece material on which
several discs have been generated for orthogonal
cutting experiments.
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In this context, to generate different levels of workpiece micro-
structural deformation, cutting parameters are selected to modulate the
severity of the thermo-mechanical conditions under which the machined
surfaces are produced. Specifically, two sets of cutting experiments are
considered, which will be referred to as ‘conventional’ and ‘aggressive’.
‘Conventional’ cutting experiments aim to investigate the deformation
process in TSZ when limited amounts of microstructural anomalies and
moderate temperature fields are induced. Differently, ‘aggressive’ cut-
ting experiments aim to study the material deformation in TSZ when
much higher levels of microstructural modifications are produced under
very high temperatures. In particular, within the study of the machining-
induced surface deformation of Ni-base superalloys, aggressive condi-
tions can be associated with extensive subsurface microstructural
deformation (e.g. >20-25 pm), presence of highly refined grain layers
(e.g. formation of nanocrystalline layers), extended subsurface depth
affected by residual stress, and very high cutting temperatures (e.g. in
the range of 10° °C or above).

Therefore, ‘conventional’ cutting experiments (Table 1, tests #1 and
#2) are performed with inserts presenting a sharp edge radius (r = 7
pm), fresh (VBy = 0 mm), which have been employed at moderate
surface speeds (30-70 m/min) and uncut chip thickness (0.1 mm).
‘Aggressive’ cutting experiments (Table 1, tests #3 and #4) are per-
formed with initially worn tools (VBy = 0.2 mm) having a rounded
cutting edge (r = 30 pm), and under higher surface speeds (60-130 m/
min) and higher uncut chip thickness (0.15 mm). Hence, because of the
higher material removal rates, greater tool radius and higher flank wear,
‘aggressive’ cutting scenarios are expected to induce a much higher
frictional interaction and plastic deformation at the tool-workpiece
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Table 1
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Set of experiments for thermal field and surface integrity analysis under aggressive and conventional cutting conditions. All insets have neutral rake angle.
Conventional conditions employ sharp and fresh cutting edges. Rounded and initially worn inserts have been used in aggressive scenarios.

Test Insert Surface Speed (V¢) [m/  Feed (f) [mm/ Initial insert condition Expected Mechanical Expected Thermal Cutting

# grade min] rev] Effect Effect condition

1 CC 30 0.1 Fresh (VBy = 0 mm) Low intensity Medium intensity Conventional
Sharp (r = 7 pm)

2 pCBN 70 0.1 Fresh (VBy = 0 mm) Medium intensity Low intensity Conventional
Sharp (r = 7 pm)

3 CC 60 0.15 Worn (VBy = 0.2 mm) Rounded (r = High intensity High intensity Aggressive
30 pm)

4 pCBN 130 0.15 Worn (VBy = 0.2 mm) Very high intensity Very high intensity Aggressive

Rounded (r = 30 pm)

interface, as it will be later confirmed by the significantly severer cutting
temperatures, microstructural deformation and residual stress they
induced.

Nevertheless, the thermo-mechanical fields’ development at the tool-
workpiece interface under a given set of experimental conditions is also
expected to be highly dependent on the cutting insert’s thermo-
mechanical characteristics (e.g. high-temperature hardness, thermal-
conductivity, etc.).

Therefore, two key insert materials have been considered to study
the behaviour of subsurface thermal fields and its resulting deformation
mechanisms, i.e. polycrystalline cubic boron nitride (pCBN) and PVD
coated cemented carbide (CC) inserts (CBN170 and TS2050 grades from
Seco Tools, respectively). In fact, as pCBN grades present greater hard-
ness with respect to CC ones (even at high temperatures) [29], they are
designed to withstand higher cutting speeds, and are hence expected to
produce less severe thermal fields even when inducing higher defor-
mation rates to the workpiece subsurface (as in Table 1, tests #1 and
#2). In this way, the surface speeds (V¢) adopted under conventional
and aggressive experiments have been selected according to the inserts’
thermo-physical capability, as shown in Table 1. It should be noted that
mechanical and thermal effects are not “separated” in the present ex-
periments, in fact they are coupled effects as mechanical machining is a
thermo-mechanical process. However, the differences in cutting condi-
tions (such as tool thermo-physical properties, geometry, uncut chip
thickness, etc.), have allowed to design experiments where their relative
weight differs. For instance, the different tribological behaviour of CC
grades under low cutting speed can induce severer thermal field devel-
opment at the tool workpiece interface compared to pCBN, with
consequent influence on surface integrity, as it will be discussed in detail
in the later experimental section. This allows the workpiece subsurface
deformation and the resulting thermal cycles and rates of heat genera-
tion in TSZ to be studied under different combinations of thermal and
mechanical fields’ severity.

3.2. Workpiece material

The development alloy employed in this work as a case study to
investigate the thermal history of surface deformation is a next gener-
ation polycrystalline nickel-base superalloy for potential application in
high-pressure (HP) disc rotors for gas-turbine aero-engines. Details on
this material can be found in the patent US10422024B2 [30], including
its composition range as reported in Table 2. This nickel-base superalloy
is produced by powder metallurgy followed by isothermal forging under
controlled temperature, strains and strain rates, to achieve an average
grain size of ASTM 8 to 7 (22-32 pm) [30]. A representative micrograph

displaying the microstructure of the alloy investigated in this research is
shown in Fig. 4. Weight fraction of gamma prime phase is a key char-
acteristic of advanced Ni-base superalloys as it confers high temperature
strength and determines fatigue crack resistance. The present alloy has
gamma prime weight fraction in the range of 51-53%, which is
considerably higher than other advanced nickel-base superalloys such as
RR1000, whose nominal value is in the range of 45% [23]. Thus, the
high content of gamma prime phase with high solvus temperature
(<1167 °C [30]) is one of the key aspects that introduce significant
challenges when performing mechanical cutting operations of this
material.

Therefore, selection of this advanced superalloy provides a unique
case study for studying the previously outlined research problem, for the
following reasons. First, its advanced high-temperature capability is
expected to generate very intense thermo-mechanical fields at the tool-
workpiece interface, allowing to study and understand the thermal
history of surface deformation when the cutting process is pushed to-
wards its current limits. Moreover, analysis of the thermal history of
plastic deformation in this material will contribute to disclose the nature
of the physical conditions under which material drag layers and nano-
crystalline (white) layers are generated in advanced Nickel-base

Fig. 4. Scanning electron image showing a representative microstructure
of the Ni-base superalloy in ‘as received’ condition. Sample was chemically
etched with Kalling’s Reagent No. 2.

Table 2

Composition range for the Ni-base superalloy object of the present research.
wt.% Ni Co Cr Fe Mn Mo w Al Ti Ta Nb Si C B Zr Hf
min Bal. 14.6 11.5 0.8 0.2 2.00 3.30 2.90 2.60 3.50 1.20 0.10 0.02 0.010 0.05 0.000
max Bal. 15.9 13.0 1.2 0.60 2.40 3.70 3.30 3.10 5.10 1.80 0.60 0.06 0.030 0.11 0.045
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superalloys, which still represents an open problem at the confluence of
metal cutting and material science.

Therefore, to link the thermal conditions evolving in the workpiece
volume (in terms of thermal field at the tool-workpiece interface and
subsurface thermal cycles) with its resulting microstructural surface
integrity, metallurgical analysis of the machining-induced SPD layers
has been carried out for each of the scenarios under investigation. To
perform microscopy analysis, cross-sections of the machined specimens
have been obtained through gradual grinding and polishing steps.
Chemical etching was employed to reveal the alloy’s microstructure
using Kalling’s Reagent No.2 consisting of 2% CuCl, in an acidified
alcoholic base. Subsurface microstructural features have been observed
through field emission gun scanning electron microscopy (FEG-SEM)
with a JEOL 7000F machine. Electron-Backscatter Diffraction (EBSD)
has been employed to investigate the crystallographic lattice condition
induced to the machined subsurfaces. EBSD indexing has been per-
formed by means of a Nordlys Max 3 detector (Oxford Instruments),
with step sizes smaller than 100 nm (down to 30 nm for the most refined
analysis). The resulting inverse pole figure (IPF) and band contrast (BC)
maps are presented in ‘as-detected’ form without application of filtering
strategies. In addition, to further detail the surface integrity produced,
the residual stress (RS) state in the hoop direction has been characterised
within a depth of 350 ym beneath the machined surface for all the
cutting scenarios under consideration. RS profiles have been measured
through X-Ray Diffraction (XRD) by application of the sin?y technique,
employing a Proto iXRD diffractometer (Mn Ka radiation) with an
aperture of 1 mm diameter, and 15 kV voltage.

Thus, type and extent of microstructural deformation induced by the
cutting process will be linked to the information provided by tempera-
ture field maps captured through high-speed thermal imaging. In this
way, contextual analysis of the workpiece subsurface condition will be
related to the corresponding thermal development at the tool-workpiece
interface and to the resulting subsurface thermal cycles, allowing the
heat generation in TSZ to be associated to the corresponding mechanism
of subsurface plastic deformation during its interaction with the tool
flank.

4. Results and discussion

To study the thermal history of microstructural surface deformation,
analysis of different combinations of thermal and mechanical effects on
the resulting surface integrity will be studied, showing that a more
comprehensive description is necessary to address the deformation state
induced in the workpiece subsurface. Therefore, a thermo-mechanical
description of the process under which subsurface layers deform in
cutting will be provided by investigation of the subsurface thermal
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cycles and heat generation in TSZ. This will allow the thermal history
induced by cutting to be linked to the formation mechanisms of
microstructurally deformed layers (MD and WLs) in the workpiece
subsurface as a result of the tool-workpiece mechanical interaction
induced in the tertiary shear zone (TSZ).

4.1. Influence of the thermo-mechanical cutting configuration on thermal
field development at the tool-workpiece interface

4.1.1. Characteristics of the thermal field at the tool-workpiece interface

Analysis of the physical conditions developing at the tool-workpiece
interface represents a key element to understand the mechanisms
influencing the surface integrity of machined parts. A representative
temperature map at the tool-workpiece interface can be observed in
Fig. 5a, where an intermediate thermal field severity was generated by
means of CC insert employed at moderate surface speed (Test #1, V¢ =
30, f = 0.1). As thermal maps display temperatures above 300 °C, the
workpiece volume far (more than ~ 250 pm) from the cutting interface
(e.g. towards the top-right and bottom-right corners in Fig. 5a) appears
to be thermally unaffected (dark blue colour), while high temperature
regions can be observed at the tool-workpiece contact region where a
chip is forming.

It is at the interface between chip, tool and workpiece that the
attention will be focused, as shown in Fig. 5b where the three shear
zones (PSZ, SSZ and TSZ) can be thermally identified. A fan of oblique
isothermal lines can be observed at the interface between the incoming
uncut workpiece material and the cutting edge. In this region, the high-
temperature PSZ boundary volume separating workpiece and chip in
Fig. 5b highlights the geometrical correspondence between strain
localisation areas and shape of the temperature field. Similarly, tem-
perature field can be linked with plastic deformation at the tool-chip
interface, where chip deformation develops in SSZ due to the chip-
rake friction, and most importantly in correspondence of the TSZ,
where the machined surface mechanically interacts with the tool flank,
as it will be in-depth discussed in the following sections. Thus, Fig. 6
reports thermal maps corresponding to each of the experiments pre-
sented in Table 1 where different combinations of thermal and me-
chanical effects are induced under conventional (Fig. 6a and b, Tests #1
and #2 in Table 1; V¢ = 30-70 m/min, f = 0.1mm/rev, r = 7 pm, VBy =
0 mm), and aggressive scenarios (Fig. 6¢c and d, Tests #3 and #4 in
Table 1; V¢ = 60-130 m/min, f = 0.15mm/rev, r = 30 pm, VBy = 0.2
mm). For a straightforward comparison of the magnitude of the thermal
fields induced by each cutting condition, thermal maps in Fig. 6 are
plotted with the same temperature scale.

1100°C
Workpiece
Hot metal
deforming 900°C
in PSZ
Ww_deformation 700°C
influencing
the surface
integrity
500°C
Ve
250 pm
I
<300°C

®

Fig. 5. Example of the tool-workpiece interface temperature map at intermediate thermal field severity (Cutting test #1, V¢ = 30, f = 0.1). (a) Repre-
sentative characteristics of the cutting-induced thermal field at the tool-workpiece interface. (b)Magnified view at the tool tip area to enable identification of metal

shear zones (i.e. PSZ, SSZ and TSZ).
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Fig. 6. Thermal maps showing different temper-
ature fields induced when cutting the advanced
Ni-superalloy under different combinations of
thermal and mechanical effects at the tool work-
piece interface. (a) Intermediate thermal field
severity in presence of low-intensity mechanical ef-
fects (Test #1: CC insert - V¢ = 30 m/min, f =
0.1lmm/rev, r = 7 pm, VBg = 0 mm); (b) Lower-
intensity thermal fields in presence of mechanical
effects of intermediate severity (Test #2: pCBN insert
- V¢ =70 m/min, f = 0.1mm/rev, r = 7 pm, VBy = 0
mm); (c) High thermal fields in presence of mechan-
ical effects of high severity (Test #3: CC insert - V¢ =
60 m/min, f = 0.15mm/rev, r = 30 pm, VBy = 0.2
mm); (d) Very high thermal fields in presence of
mechanical effects of extreme severity (Test #4:
PCBN insert - V¢ = 130 m/min, f = 0.15mm/rev, r =
30 pm, VBy = 0.2 mm).

Fig. 7. Chip morphology induced when cutting
the advanced Ni-superalloy under different com-
binations of thermal and mechanical effects at the
tool workpiece interface. (a) Mild shear banding
induced by a combination of intermediate thermal
effects and low-intensity mechanical effects (Test #1:
CCinsert - Vg = 30 m/min, f = 0.1lmm/rev, r = 7 pm,
VBy = 0 mm); (b) Intermediate shear banding
induced by a combination of low-intensity thermal
effects and intermediate mechanical effects (Test #2:
PCBN insert - V¢ = 70 m/min, f = 0.1mm/rev, r = 7
pm, VBy = 0 mm); (c) Severe shear banding induced
by a combination of high thermal and mechanical
effects (Test #3: CC insert - V¢ = 60 m/min, f =
0.15mm/rev, r = 30 pm, VBg = 0.2 mm); (d) Severe
shear banding with almost separated chip segments
induced by a combination of very high thermal and
mechanical effects; (Test #4: pCBN insert - V¢ = 130
m/min, f = 0.15mm/rev, r = 30 pm, VBy = 0.2 mm).



A. la Monaca et al.

4.1.2. Tool-workpiece interaction under moderate thermo-mechanical
effects

Even though it operated under the least severe mechanical condi-
tions (V¢ = 30 m/min, f = 0.1mm/rev, r = 7 pm, VBy = 0 mm), among
the conventional scenarios in Fig. 6a and b cutting performed with the
CC grade induced highest tool-tip temperatures is (Fig. 6a). In this
context, temperatures recorded for the CC insert (in the range of 900 °C
in Fig. 6a) are higher than the ones induced by the pCBN ones (in the
range of 700 °C in Fig. 6b). This despite the fact that pCBN inserts were
employed under more severe mechanical conditions and in particular at
a surface speed more than two times higher (V¢ = 70 m/min, f =
0.1lmm/rev, r = 7 pm, VBy = 0 mm). This could be attributed to the
different tribological conditions developing at the tool workpiece
interface, with carbide tools undergoing significant adhesion both in the
flank region and at the tool-chip interface when turning Ni-base super-
alloys [16,31]. On the other hand, when cutting with pCBN inserts, the
higher cutting speed resulted in higher deformation rates at the
tool-workpiece interface, as it can be qualitatively appreciated from the
more pronounced shear banding induced in the chip formation process
when the pCBN tool was used (Fig. 7b) with respect to the CC one
(Fig. 7a). Therefore, the thermal and mechanical conditions under
which new machined surfaces are generated in these two cases present
remarkably different characteristics: in the first case, higher tempera-
ture fields were produced at the tool workpiece interface by CC under
conventional cutting conditions, even though the deformation process
was induced at slower rates (Figs. 6a and 7a). On the contrary, cutting at
higher speeds with pCBN inserts induced higher rates of deformation at
the tool-workpiece interface, although under milder thermal conditions
(Figs. 6b and 7b).

What is hence the influence of such different combinations of ther-
mal and mechanical effects on the resulting workpiece integrity?
Moreover, which description of the cutting-induced physical effects is
more appropriate to address the workpiece subsurface deformation
process? To address this, the following sections will first characterise the
nature and extent of microstructural deformation induced to the work-
piece, and then examine the time and space evolution of thermal field
induced in workpiece surficial layers as they cross the cutting zone. In
this way, thermal cycles induced by such combinations of thermal and
mechanical effects will be linked to the corresponding microstructural
surface integrity.

4.1.3. Tool-workpiece interaction under severe thermo-mechanical effects
Differently from conventional cutting configurations, aggressive
cutting scenarios (Fig. 6¢c and d) are purposely designed to investigate
the tool-workpiece interaction process under thermal and mechanical
effects of higher severity, achieved by employing a more frictional
cutting geometry (r = 30 pm; VBp = 0.2 mm) and under higher rates of
material removal (Tests #3 and #4 in Table 1). Under such conditions,
cutting temperatures above 1000 °C have been widely reached in such
aggressive cutting scenarios (Fig. 6¢ and d). However, if under the
moderate/intermediate mechanical effects characterising conventional
cutting experiments pCBN inserts were able to produce a more tolerable
thermal field severity at over twice the surface speeds of CC grades (with
PCBN having tool-tip temperatures about 200 °C lower), the same trend
is not found under more aggressive cutting conditions. In fact, when
performing aggressive cutting, pCBN inserts operated at maximum tool
tip temperatures above 1100 °C (Fig. 6d), condition under which they
were still able to withstand the stress field necessary to cut workpiece
material at high removal rates from the advanced Ni-base superalloy
under consideration, thanks to their exceptional high-temperature
hardness [32]. Moreover, the severity of mechanical and thermal ef-
fects induced by aggressive cutting configurations in the metal
deforming at the tool-workpiece interface can be also qualitatively
appreciated by the high levels of segmentation induced in the resulting
chips, as displayed in Fig. 7c and d. In fact, high temperature and high
strain rate conditions induced by aggressive cutting experiments
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resulted in short and highly serrated chips, indicating occurrence of
severe strain localisation ahead of the cutter, in which proximity ma-
terial layers about to form the new (machined) surface transit before
their mechanical interaction with the tool flank.

As a result, severe shear banding can be observed in Fig. 7c for the
case of CC aggressive cutting (V¢ = 60 m/min, f = 0.15mm/rev, r = 30
pm, VBy = 0.2 mm), with high-temperature strain localisation in chips
induced by aggressive cutting with pCBN tools (V¢ = 130 m/min, f =
0.15mm/rev, r = 30 pm, VBy = 0.2), presenting almost separated seg-
ments in Fig. 7d. Thus, thermal history of machining-induced SPD layers
will be in this way investigated also under severe levels of tool-
workpiece thermo-mechanical interaction. Specifically, even though
aggressive and conventional experiments presented different mixes of
thermal and mechanical effects, a unified description is needed to
coherently address the subsurface deformation under the conditions
examined.

To this aim, the microstructural surface integrity will be first char-
acterised in terms of type and extent of machining-induced SPD layers
for the different experimental cases. Subsequently, the subsurface
thermal cycles for aggressive cutting will be investigated, linked to the
workpiece microstructural state, and analysed in relationship to the
thermal history induced by conventional experiments. Finally, taking an
aggressive cutting scenario as a case study, energy balance analysis will
allow the stages of plastic deformation in the workpiece subsurface to be
outlined.

4.2. Microstructural analysis of the cutting-induced subsurface
deformation as a result of different combinations of thermal and
mechanical effects

Since the workpiece loading in mechanical machining originates at
the tool-workpiece interface, the most-severe microstructural deforma-
tion is produced at the lowest depths beneath the newly cut surface [1].
In previous sections, it has been discussed how different severity of
thermal and mechanical effects coexisted under conventional cutting
scenarios, with higher temperatures reaching ~900 °C at the tip of CC
inserts at 30 m/min, in contrast with the ~700 °C reached by pCBN ones
at 30 m/min. Moreover, a system of much more extreme thermo-
mechanical conditions was induced by aggressive cutting experiments,
with cutting temperatures above 1100 °C at speeds up to 130 m/min
induced at the tool-workpiece interface. Therefore, the question now
focuses on what the outcome of such systems of thermal and mechanical
effects will be on the resulting surface integrity, and most importantly,
how their thermal history can be addressed and related to the corre-
sponding subsurface states.

In analogy with the severity of thermal and mechanical effects dis-
cussed in 4.1, the microstructural integrity of surfaces generated under
conventional and aggressive scenarios also present very distinct prop-
erties. When comparing the surface deformation induced under low/
intermediate thermo-mechanical conditions (conventional cutting ex-
periments), material drag (MD) layers in a range of 11-15 pm (Fig. 8)
and similar RS-affected depths (Fig. 11) were generated by pCBN and CC
insert grades. Such MD values are in fact relatively far from the 24-28
pm extent and type of microstructural deformation produced by
aggressive cutting, which induced both MD and WLs in the workpiece
subsurface (Fig. 9) and severer RS states (Fig. 11), as reported by the
surface integrity plot in Fig. 10.

In truth, observation of MD layers induced by conventional cutting
with CC and pCBN grades (Fig. 8a,c) reveals the existence of very similar
material states despite the previously mentioned different combinations
of thermal and mechanical effects. Both cases show in fact presence of a
crammed series of narrow strain traces originating at the machined
surface and propagating with increasing inclination towards higher
material depths, as displayed by the detail views in Fig. 8b,d. This
microstructural condition is associated with high lattice distortion [11]
resulting from cutting-induced plasticity. Moreover, it is noted how an
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Fig. 8. Microstructural surface integrity resulting
from conventional cutting conditions. (a) Material
Drag induced by intermediate thermal effects and
low-intensity mechanical effects (Test #1: CC insert -
V¢ = 30 m/min, f = 0.1mm/rev, r = 7 pm, VBy = 0
mm); (b) Detail of the strain traces induced by low-
intensity thermal effects and intermediate mechani-
cal effects in the workpiece subsurface (Test #1: CC
insert - V¢ = 30 m/min, f = 0.lmm/rev, r = 7 pm,
VBo = 0 mm); (c) Material Drag induced by moderate
thermal effects and intermediate mechanical effects
(Test #2: pCBN insert - Vc = 70 m/min, f = 0.1mm/
rev, r = 7 pm, VBy = 0 mm); (d) Detail of the strain
traces induced by moderate thermal effects and in-
termediate mechanical effects (Test #2: pCBN insert -
Ve = 70 m/min, f = 0.1lmm/rev, r = 7 pm, VBy = 0
mm).

5
Strain traces #4
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Fig. 9. Microstructural surface integrity resulting
from aggressive cutting conditions. (a) Material
Drag induced by high thermal and mechanical effects
(Test #3: CC insert - V¢ = 60 m/min, f = 0.15mm/
rev, r = 30 pm, VBo = 0.2 mm); (b) Detail of the strain
traces induced by high thermal and mechanical ef-
fects in the workpiece subsurface (Test #3: CC insert -
V¢ = 60 m/min, f = 0.15mm/rev, r = 30 pm, VBy =
0.2 mm); (c¢) Material Drag induced by extreme
thermal and mechanical effects (Test #4: pCBN insert
- V¢ = 130 m/min, f = 0.15mm/rev, r = 30 um, VBq
= 0.2 mm); (d) Detail of the strain traces induced by
extreme thermal and mechanical effects (Test #4:
PCBN insert - Vg = 130 m/min, f = 0.15mm/rev, r =
30 pm, VBy = 0.2 mm).
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11 pm MD layer has been induced under thermal fields of intermediate
severity but coexisting with low-intensity mechanical effects induced by
cutting at 30 m/min with a CC insert, which is not far from the 15 pm

induced at a surface speed of 70 m/min by the pCBN grade, under more
pronounced mechanical effect but a less severe temperature field. In
fact, it had been previously commented how the CC tool tip resulted
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Fig. 10. Type and extent of microstructural deformation for each cutting
sceario in terms of Material Drag (MD) layers from conventional and
aggressive scenarios and White Layers (WLs) from aggressive scenarios
(no WLs were generated under conventional conditions). Relatively close
ranges of MD are observed after conventional cutting experiments despite the
different combinations of thermal and mechanical field severity induced by
such scenarios, with a much deeper metallurgical reconfiguration instead
observed under high severity of tehrmal and mechanical fields induced by
aggressive experiments.
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Fig. 11. Residual Stress (RS) profiles for each cutting scenario measured
in the hoop direction. Relatively close depths of material affected by tensile
RS are observed after conventional cutting experiments despite the different
combinations of thermal and mechanical field severity induced by such sce-
narios. A much more extended depth of tensile RS is found as a result of the
high severity of tehrmal and mechanical fields induced by aggressive
experiments.

~200 °C hotter, even though lower rates of deformation were induced
with respect to pCBN, as qualitatively indicated by the greater chip
serration induced by the latter. As the insert geometries in these two
cases were identical, the only factors influencing this behaviour are
cutting speeds and insert thermo-physical properties. Additionally, this
is supported by examination of the EBSD maps in Fig. 12a and b. In fact,
presence of similar crystal lattice distortion and grain sweep is found at
shallow depths beneath the machined surfaces produced by Test #1 (CC
grade cutting at 30 m/min) and Test #2 (pCBN cutting at 70 m/min),
with modest grain refinement and formation of sub-grains (Fig. 12b and
c). From a RS perspective (Fig. 11), it can be seen how for both CC and
PCBN cases under ‘conventional’ conditions the presence of tensile RS is
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limited within similar subsurface depths (~55-65 pm). Thus, despite the
apparently  different thermo-mechanical conditions at the
tool-workpiece interface, relatively comparable outputs were produced
in terms of microstructural deformation and residual stress (RS) state.
Hence, to provide a more appropriate interpretation of the mechanisms
generating such microstructural deformation, further attention should
be focused on the analysis of the thermal conditions in TSZ, with a
description comprising both the cutting-induced thermal field and the
rate at which the process develops.

Differently, a more severe metallurgical condition is found as a result
of the thermo-mechanical effects induced by aggressive cutting experi-
ments, with microstructurally deformed regions propagating over sub-
surface depths beyond ~25 pm (Fig. 9). In these regions, the intense
thermal effects induced by aggressive cutting with CC inserts (tool-tip
temperatures above 1000 °C) coupled with highly-frictional flank-
workpiece interaction (V¢ = 60 m/min, f = 0.15mm/rev, r = 30 pm,
VB( = 0.2 mm) has resulted in material drag (MD) layers extending for
up to ~28 pm, together with the formation of curved SPD layers and
surface micro-flaking, as shown in Fig. 9a and b. From a RS perspective
(Fig. 11), aggressive cutting conditions produced residual tensile
loading with values above 600 MPa for over 200 pm beneath the ma-
chine surface. In particular, it is noted how high hoop RS were induced
by CC inserts under aggressive conditions, with values in excess of 2500
MPa at the surface level. These are indeed remarkably high values,
which can relate to the results from Herbert et al. [32], where RS over
2000 MPa were found in RR1000 after aggressive drilling. Possibility of
reaching such RS values could be attributed to the mechanical properties
of machining-induced SPD layers in Ni-base superalloys, e.g. as reported
in Refs. [17,20] where stresses over 2000 MPa were measured under
uniaxial micro-mechanical loading. However, it should be observed that
the constitutive behaviour of machining-induced SPD layers still rep-
resents an open topic of research. In addition, an even more anomalous
microstructural condition is found when examining the subsurface cut
under extreme combinations of temperature field severity (with tem-
peratures above 1100 °C) and tool-workpiece mechanical engagement
(V¢ = 130 m/min, f = 0.15mm/rev, r = 30 pm, VBy = 0.2 mm), in
correspondence of aggressive cutting tests with pCBN grades, as shown
by the cross-sectional surface micrograph in Fig. 9c. In fact, a wide MD
layer propagating up to depths beyond ~24 pm is found to coexist with a
thin recrystallized nano-grain layer, also known as white layer (WL),
attached to the machined surface with a thickness above 1 pm, as dis-
played by the near-surface detail view in Fig. 9d. This highly refined
layer presents fully dissolved gamma prime precipitates [17] with oc-
casional embedment of carbide particles that eventually withstood the
severe deformation process. Moving at higher depths in the machined
surface, the microstructural deformation state gradually decreases its
severity, indicating that the cutting process induced remarkably dis-
torted but not fully dissolved gamma prime particles just few microns
above the nanocrystalline layer inner boundary, as shown in Fig. 9 d.

More insights on the machining-induced surface state resulting from
severe thermo-mechanical effects are provided by analysis of the EBSD
maps in Fig. 13 (Test #4: pCBN insert - Tyjax >1100 °C at V¢ = 130 m/
min, f = 0.15mm/rev, r = 30 pm, VB = 0.2 mm). Specifically, Fig. 13a
shows IPF and BC maps over a relatively large area, covering a subsur-
face depth that is greater than the extent of MD previously observed by
secondary electron imaging. On one hand, this shows how the most-
severe microstructural distortion was produced at shallow subsurface
depths, as further highlighted by the lowering in BC quality in Fig. 13b
in the corresponding regions. However, detailed observation of Fig. 13a
reveals that less-severe changes in intra-grain crystallographic texture
are present even at depths beyond the previously assessed MD depth, e.
g. at the confluence of the grain boundaries (GBs) towards the top-
middle of Fig. 13a (in dark blue, light blue/cyan and light purple col-
ours). Hence, although SEM imaging of etched surfaces allows to iden-
tify the depth of material presenting the most severe microstructural
distortion, more refined approaches such as EBSD are required to
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Fig. 12. Subsurface lattice condition observed through EBSD indexing detailing the mildly distorted microstructural state induced by conventional
cutting experiments. (a) Microstructural condition induced by intermediate thermal effects and low-intensity mechanical effects (Test #1: CC insert - V¢ = 30 m/
min, f = 0.1mm/rev, r = 7 pm, VBy = 0 mm); (b) Detail of the near-surface crystallographic condition induced by low-intensity thermal effects and intermediate
mechanical effects in the workpiece subsurface (Test #1: CC insert - V¢ = 30 m/min, f = 0.1mm/rev, r = 7 pm, VBg = 0 mm); (c) Microstructural condition induced
by moderate thermal effects and intermediate mechanical effects (Test #2: pCBN insert - V¢ = 70 m/min, f = 0.1mm/rev, r = 7 pm, VBy = 0 mm); (d) Detail of the
near-surface crystallographic condition induced by low-intensity thermal effects induced by moderate thermal effects and intermediate mechanical effects (Test #2:

PCBN insert - V¢ = 70 m/min, f = 0.1mm/rev, r = 7 pm, VBy = 0 mm).

observe the more subtle plastic deformation taking place at higher
depths beneath the machined surface. Furthermore, detail views of the
microstructural condition in the very proximity of the machined surface
are provided in Fig. 13c and d. Significant microstructural distortion is
in fact revealed in Fig. 13c, with presence of highly bent microstructure
and grain refinement down to the nanoscale at the most-shallow surface
depths. Even more detailed information on the texture induced in these
regions can be obtained by analysis of Fig. 13d, showing how the strain
localisation pattern fragmented bigger grains into progressively smaller
ones of sub-micron size.

Thus, when it comes to aggressive scenarios, the influence of the
severe thermal and mechanical effects on the subsurface metallurgical
condition appears to be of clearer interpretation. As reported by the plot
in Fig. 10, despite the high thermo-mechanical effects (Tyax>1000 °C at
V¢ =60 m/min, f = 0.15mm/rev, r = 30 pm, VBy = 0.2 mm) induced by
aggressive cutting with CC inserts induced similar extent of material
drag as pCBNs with MD layers in the range of 24-28 pm, the extreme
temperatures and mechanical aggressiveness induced by pCBN inserts
(Tmax >1100 °C at V¢ = 130 m/min, f = 0.15mm/rev, r = 30 pm, VBy =
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0.2 mm) resulted in a much deeper metallurgical reconfiguration in the
workpiece subsurface because of the additional presence of WLs having
~1 pm thickness.

In fact, formation of nanocrystalline layers as the one in Fig. 9 d in
advanced Nickel-base superalloys is in fact associated to extreme
thermo-mechanical conditions. As discussed in Ref. [17], WL generation
in this class of materials takes place by instantaneous dissolution of
gamma prime precipitates, which is accompanied by submicron
recrystallization induced by the high dislocation densities developing as
the subsurface deforms. The aforementioned research work further in-
dicates that the heating and cooling rates experienced by the subsurface
are accounted significant influence on the gamma prime precipitation
and grain recrystallization process. However, no clear description of the
nature of such heating and cooling cycles exists to explain the thermal
field dynamics developing within the machined subsurfaces of advanced
Ni-base superalloys as they deform at the tool-workpiece intrerface.

To address these key points, the following sections will investigate
the temperature gradients developing it the machined surface volume
when crossing the tool-workpiece interface region. Analysis of the time
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and space evolution of the temperature field will thus allow the nature of
thermal cycles experienced by the workpiece subsurface to be quantified
and related to the corresponding workpiece microstructural integrity.
Finally, thermal balance analysis will be carried out to understand the
rate of heat generation in TSZ allowing discussion of the thermal stages
of subsurface deformation when cutting this unique class of materials.

4.3. Subsurface thermal cycles under thermo-mechanical effects of
intermediate severity

Different combinations of mechanical and thermal effects have been
observed as a result of conventional cutting experiments with pCBN
(lower thermal effects but higher rates of deformations) and CC inserts
(lower mechanical effects but higher cutting temperatures), which
however produced type and extent of subsurface deformation in com-
parable ranges (~11-15 pm). Therefore, for a more in-depth under-
standing of the thermo-mechanical process transforming bulk material
into microstructurally deformed regions, the thermal history of the
workpiece subsurface needs to be considered with a description taking
into account of both the severity of the cutting-induced thermal fields,
but also of the rates at which the process is performed.

De-cmasing band contrasf:’z1
due to lattice distortion

55

14

International Journal of Machine Tools and Manufacture xxx (xxxx) xxx

Fig. 13. Subsurface lattice condition observed
through EBSD indexing detailing the highly dis-
torted microstructural state induced by aggres-
sive cutting experiments (Test #4: pCBN insert - V¢
=130 m/min, f = 0.15mm/rev, r = 30 pm, VBy = 0.2
mm). (a) IPF map showing highly distorted micro-
structure with decreasing severity moving away from
the machined surface. (b) BC map showing decreasing
pattern contrasts moving towards the machined sur-
face due to high lattice distortion in these areas. (c)
Near surface IPF map detailing highly bent micro-
structural condition and grain refinement. (d) High-
detail EBSD map (30 nm step size) showing the
deformation pattern in the near surface region with
sub-micron grain refinement.

1 pum
e

To this aim, a reference system OXY is defined as follows. The origin
O is placed at the projection of the cutting edge on the cutting plane; the
Y-axis parallel and concordant with the cutting speed vector; and the X-
axis is perpendicular to Y and oriented from the tool towards the
machined surface, as shown by the referencing adopted in Fig. 14a. To
study the thermal cycle experienced by mechanically affected workpiece
layers, the cylindrical workpiece geometry is approximated as planar in
regions near the flank-workpiece interface. Thus, the workpiece sub-
surface is regarded as linearly translating along Y, with a uniform ve-
locity equal to the surface speed V relative to the cutting insert. In this
way, neglecting the effect of local fluctuations induced by strain-
dependent kinematics and unsteady temperature components with
respect to mean value measurements, thermal field evolution in time (t)
can be obtained from its spatial distribution. In fact, in contraposition to
continuous chip formation, unsteady thermal conditions with high fre-
quency fluctuations should be expected at the tool-workpiece interface
within the formation of serrated chips as the ones shown in Fig. 7.
However, within the scope of the present analysis, these high frequency
components are neglected and mean values measurements obtained by
thermal imaging are considered. Consequently, Fig. 14a shows the trace
of four 20 pm-spaced planes, whose projection identifies the streamlines
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Fig. 14. Subsurface thermal history
induced by low-intensity thermal effects
and intermediate mechanical effects (Test
#1: CC insert - V¢ = 30 m/min, f = 0.1mm/

>900°C
. (VI)y rev, r = 7 pm, VBy = 0 mm) for different
-0.05 stages of the thermal cycle: H — heating, P -
peaking, C - cooling along streamlines X1 —
X4; (a) Thermal micrograph at the tool-
0 workpiece interface. (b)Subsurface thermal
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X; to X4. These lines indicate the trajectory followed by workpiece re-
gions crossing the tool-workpiece interface at increasing distances from
the cutting insert. As these trajectories are described along Y at speed V¢,
the distribution of temperature at each streamline Xj, ...,X4 provides an
indication of the thermal cycle experienced at different workpiece
subsurface depths while crossing the tool-workpiece interface.

Thus, Fig. 14a presents a thermal field map detailing the area of
interaction between the workpiece and the flank under intermediate
thermal effects (tool tip temperature ~900 °C) and low-intensity
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mechanical effects (V¢ = 30 m/min, f = 0.lmm/rev, r = 7 pm, VB =
0 mm) induced by conventional cutting with a CC insert. The Y
component of the temperature gradient (VTy) is reported in this figure
at different depths beneath the workpiece surface corresponding to the
streamlines previously introduced, whose distribution has been plotted
in Fig. 14b. Applying the known law of motion of the workpiece sub-
surface, time evolution of thermal gradients (VT is plotted in Fig. 14b.
Similarly, temperature distribution (T [°C]) can be found for each
streamline Xj, ...,X4 as a function of time and along Y in Fig. 14c.
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Following the evolution of these quantities along the X; paths, the
thermal cycle experienced by the workpiece subsurface at each tool pass
can be regarded as the following three-step process.

(i) Heating (H): as bulk material approaches the cutting zone,
thermal field propagating ahead of the tool-workpiece interface
induces extreme thermal gradients resulting in ultra-rapid sub-
surface heating. As shown in Fig. 14b, maximum values of ther-
mal gradients along Y reach above 4000 °C/mm, corresponding
to heating rates over 2 x 10° °C/s at depths beyond 60 pm
beneath the machined surface. The transition of the workpiece
subsurface through these regions hence induces an increase in
temperature of ~400 °C after moving of ca. 150 pm in a time of
~0.2 ms (Fig. 14c).
Peaking (P): Even though temperature gradients present
different heating rates along each of the streamlines X;, they all
reach zero almost simultaneously after surpassing the cutting
edge (Fig. 14b). This corresponds to a narrow time interval where
the temperature at each streamline reaches its peak (Fig. 14c),
occurring at a Y-distance of ~50 pm beyond the cutting edge.
(iii) Cooling (C): Moving further away from the cutting zone, thermal
gradients become negative (Fig. 14b) with decreasing tempera-
tures at all depths in the workpiece subsurface (Fig. 14c). Cooling
rates experienced by machining-induced material layers appear
to be much smaller in absolute value than the heating rates
induced ahead of the cutting edge, with values approaching —0.5
x 10° °C/s in time, corresponding to Y gradients of ~ —1000 °C/
mm.

(i)

The above Heating, Peaking, Cooling (H-P-C) thermal cycle is not
symmetrical, as the heating rates are about four times higher than the
cooling rates. The highest temperature location in the peaking zone
(along the Y axis) is associated with the location where highest heat
generation occurs along the tool-flank contact, from where thermal
power is conducted to the surrounding metal volumes. From a material
perspective, the Y coordinate where temperature peaks indicates the
location where the most severe plastic deformation occurs in TSZ along
the flank contact. For the scenario examined in Fig. 14, this corresponds
to a distance of approximately 50 pm from the cutting edge. As a wear
length of ~90 pm was later measured on the tool flank, this suggests that
a significant amount of tool-workpiece interaction, and hence workpiece
microstructural deformation, further occurred beyond the peaking zone.
This effect slows down the cooling phase in the workpiece subsurface
thermal cycle and contributes to the asymmetry of the thermal plots in
Fig. 14b and c with respect to the peaking location. However, even
though the temperature peak location can be associated with the
greatest source of heat generation due to plastic deformation, distribu-
tions of thermal gradients cannot be directly linked to plasticity over the
whole XY domain, as they are also influenced by local heat transfer
conditions, especially due to heat conduction within the workpiece
volume. This is proven by the fact that high heating/cooling rates were
found up to 60-80 pm depths in the workpiece surface, which did not
undergo too significant plastic deformation as no traces of strain were
found by microstructural material analysis over a 10 pm depth. Never-
theless, the magnitude of thermal gradients experienced by the work-
piece subsurface is found to relate well with the resulting surface
condition, being an indirect consequence of the amount of heat gener-
ated by plastic deformation at the tool-workpiece interface.

In this regard, the previously analysed subsurface thermal cycle
resulting from a moderate mechanical effect but higher thermal fields
(CC cutting with tool tip temperature ~ 900 °C at V¢ = 30 m/min, f =
0.lmm/rev, r = 7 pm, VBg = 0 mm) is now compared with the case
which instead involved a greater mechanical influence but a less severe
thermal effect (pCBN cutting with tool tip temperature ~700 °C at V¢ =
70 m/min, f = 0.1mm/rev, r = 7 pm, VBy = 0 mm). In fact, despite such
differences in thermo-mechanical boundary conditions at the tool
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workpiece interface, it has been remarked how these scenarios produced
subsurface deformation in relatively close ranges (11-15 pm), as well as
similar depths of material presenting a tensile RS state (55-65 pm).
Thus, to shed light on the physical conditions under which surface
deformation is generated, analysis of the cutting-induced subsurface
thermal cycle is carried out also for latter scenario.

In fact, when considering the H-P-C thermal cycle (Fig. 15b and c)
induced to the workpiece subsurface as a result of lower thermal
boundary conditions but imposed at higher rates (due to the higher
surface velocity in pCBNs cutting), the resulting thermal evolution
presents similarities with the one produced by more severe thermal
conditions, but induced at lower velocities (CCs conventional cutting -
Fig. 14b and c).

In fact, Fig. 15a shows that the milder thermal effect associated to
PCBN cutting conditions induced Y-temperature gradients up to
~2500 °C/mm, lower than the ~4000 °C/mm to CC ones. However,
when taking into account the time element, i.e. the rate at which this
thermal evolution takes place, it is in truth found that higher heating
rates are induced by pCBN cutting experiments in the workpiece sub-
surface, even in correspondence of a remarkably colder tool-tip tem-
perature (~200 °C lower than to CCs). As a result, peaks above 3 x
10° °C/s are found to be induced by the thermo-mechanical conditions
generated by pCBN cutting (Fig. 15a), which are higher but in compa-
rable range with the 2 x 10° °C/s heating rates induced by CCs at 30 m/
min (Fig. 14b). This corresponds to a temperature peak in a range of
~750 °C also for pCBNs, which is reached at a Y-distance from the
cutting edge of ~85 pm (Fig. 15b). However as the cutting speed is in
this case significantly higher, temperature cycles under this condition
develop under shorter times (Fig. 15b), representing from a different
perspective the higher rates of deformation induced to the material
subsurface.

4.4. Subsurface thermal cycles under severe thermo-mechanical effects

An extreme class of thermo-mechanical phenomena has been
observed when the cutting process is pushed towards its limits under
aggressive machining conditions. As previously detailed, these scenarios
are characterised by acute chip serration, high cutting temperatures
(>1100 °C at the insert tip), formation of extensive material drag layers
(up to ~28 pm) and a nanocrystalline layers (>1 pm) in the most severe
cases, with high depths of material presenting a tensile RS state (>200
pm at over 600 MPa).

To study the mechanisms governing this class of phenomena, ther-
mal cycles induced by aggressive machining conditions are now taken
into account. Fig. 16a presents a thermal map focusing on the interac-
tion between the cutting insert and the workpiece subsurface within the
experiment performed under very high thermal and mechanical effects
(pCBN cutting with tool tip temperature ~ 1100 °C at V¢ = 130 m/min,
f=0.15mm/rev, r = 30 pm, VBy = 0.2 mm). In addition, time and space
evolution of thermal gradients and temperature field along the stream-
lines Xj,..,X4 are reported in Fig. 16¢,b, respectively. Compared to the
phenomena revealed by analysis of non-aggressive cutting scenarios, the
three-stage thermal cycle experienced by the workpiece subsurface
differs not only in magnitude of the heating/cooling rates, but a quasi-
isothermal deformation region is observed where conventional cutting
conditions induced a narrow peaking region.

Hence, thermal cycles induced by aggressive cutting are described by
the following phases:

(i) Heating (H): bulk material approaching the cutting zone un-
dergoes to increasing heating rates that reach values over 107 °C/
s (Fig. 16b), hence about one order of magnitude higher than the
ones induced by conventional cutting scenarios. Maximum values
of thermal gradients along Y are above 5000 °C/mm (Fig. 16b),
with the workpiece subsurface experiencing an increase in
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Fig. 15. Subsurface thermal history induced by mod-
erate thermal effects and intermediate mechanical ef-

fects (Test #2: pCBN insert - V¢ = 70 m/min, f = 0.1mm/

© ! 34 S rev,r = 7 um, VBy = 0 mm) for different stages of the
= : thermal cycle: H - heating, P - peaking, C - cooling; (a)
i 2 1 1.7 = Thermal micrograph at the tool-workpiece interface. (b)
“d E Subsurface thermal gradients in time (VT, [°C/s] - left
i D vertical axis) and space (VTy [°C/mm] - right vertical axis)
[T 0 1 0 L at increasing subsurface depths (X [mm], streamlines X1 —
= E X4). (c) Subsurface temperature profiles (T [°C]) in time and
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temperature greater than 800 °C, which occurs over a distance of case presented in Fig. 16, the Quasi-Isothermal Deformation zone ex-
~250 pm covered in a time just below 0.15 ms (Fig. 16c¢). tends over a length of ~200 pm, which is comparable with the initial
(ii) Quasi-Isothermal Deformation (Q): Temperature peaks are tool wear of the insert employed for this experiment (VBy = 0.2 mm -

reached beyond the cutting edge location, where plastic defor-
mation develops in TSZ, with a maximum temperature
approaching 1000 °C at the streamline X; closest to the tool flank.
However, differently from conventional cutting scenarios, while
moving along Y (i.e. parallel to the tool flank) thermal gradients
remain close to zero for a length of ~200 pm at each streamline
Xj, as shown by Fig. 16b. This indicates that at these scales the
material deformation taking place in the workpiece subsurface
develops under quasi-isothermal conditions over time at each
level X; along the flank-workpiece contact region, as shown in
Fig. 16¢.

(iii) Cooling (C): Finally, at distances over 200 pm beyond the cutting
edge, temperature starts decreasing at all subsurface depths
(Fig. 16¢). Thermal variations in the cooling region occurs at a
much slower pace than in the heating step, resulting in cooling
rates down to -2x10° °C/s, corresponding to thermal gradients in
Y in the range of —1000 °C/mm (Fig. 16b).

Thus, under this system of extreme thermo-mechanical conditions,
the narrow peaking zone previously observed under conventional cut-
ting conditions is replaced by a broader high-temperature region in
correspondence of the workpiece-flank contact, which separates the
heating and cooling phases. This hence indicates that at constant sub-
surface depths, i.e. at constant X-locations in Fig. 13, the microstructural
deformation previously observed by surface integrity analysis developed
under quasi-isothermal conditions.

Under this scenario, the previously mentioned asymmetry of the
H-P-C cycle recorded under conventional conditions degenerated into a
finite quasi-isothermal deformation zone developing once the temper-
ature peak has been reached, with a Heating, Quasi-Isothermal Defor-
mation, Cooling (H-Q-C) thermal cycle. It should be noted that for the
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Test #4 in Table 1). Hence, the existence of such Quasi-Isothermal
Deformation region is attributed to the longer contact length inducing
the peaking zone (previously observed in the H-P-C thermal cycles) to
extend over a larger region. Coherently with conventional scenarios,
also under aggressive conditions the magnitude of thermal gradients
relates with the severity of microstructural subsurface deformation, as
the heat enabling existence of subsurface thermal gradients is generated
by cutting-induced plastic deformation.

Nevertheless, as previously observed for conventional scenarios, also
under aggressive conditions high thermal gradients are found at sub-
surface depths up to ~80 pm, far from the ~30 pm depth where the
most-severe microstructural deformation was observed by material
analysis. Thermal-cycle analysis is hence able to provide information on
the location where most intense deformation occurs (temperature peak
location) and on the “overall” severity of the plastic deformation pro-
cess, as the thermal gradients relate with the extent of subsurface
deformation layers. However, this approach is still unable to fully detail
the evolution of plasticity over the flank-workpiece interaction. There-
fore, to understand the stages of subsurface plastic deformation, the heat
generation developing in TSZ will be analysed in the following section
by means of an energy balance approach.

4.5. Heat generation in tertiary shear zone in relationship to the
mechanisms of microstructural surface deformation

The subsurface thermal cycles described in the previous sections are
a result of heat generation taking place as the workpiece material
plastically deforms. To understand the time and space evolution of
plasticity in the workpiece subsurface, the amount of heat dissipated by
this irreversible process is studied by means of thermal balance analysis
in material volumes situated beyond the cutting edge, where the
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Fig. 16. Subsurface thermal history
0.14 >1000°c induced by extreme thermal and me-
chanical effects (pCBN insert; V¢ = 130 m/
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workpiece surface mechanically interacts with the tool flank.

As discussed in the previous section, a quasi-isothermal deformation
zone with VTy~O0 exists at the flank-workpiece contact under aggressive
cutting conditions. As a consequence, isothermal curves in this region
can be assimilated to line segments parallel to the Y-axis, i.e. to the
machined surface trace on the cutting plane (Fig. 16a). As the thermal
gradient field is locally perpendicular to isothermal lines, the vector

W"(X ,Y) is with good approximation parallel to the X-axis versor &, as
expressed by Eq. (1):
AT(X,Y)_,

VT(X,Y) = VIx(X, ¥)def ;

—ox_° M

To apply thermal balance equations in the subsurface area, the TSZ
domain is discretized through a mesh of control volumes, as shown in
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Fig. 17. In performing this analysis, unsteady (high-frequency) compo-
nents are neglected with respect to mean value measurements of the
thermal field. Hence, the time variations reported in the following are a
result of the workpiece subsurface motion in a thermal field regarded as
steady. For each control volume Vj; located at (X;, Y;), the energy balance
equation can be written as:

Egon (X0, ) = Eou (X, Y;) — Eir(X, Y;) @)
where E;, represents the rate of energy in entrance, E, the energy rate
flowing away, and Eg;, the rate of heat being generated in the control
volume centred in (X;,Y;). Hence, Eq. (2) states that if the rate of thermal
energy leaving the control volume is greater than one in entrance, their
difference is equal to the rate of thermal energy being generated.
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Fig. 17. Schematic representation of the grid of control volumes in TSZ where thermal balance equations are applied to evaluate the space-time distribution of heat

generation in the machined workpiece subsurface.

As the thermal gradient in TSZ is parallel to X, the thermal energy
leaving the control volume Vj; is equal to the heat flowing between its
two boundaries at X; — & and X; + %, as represented in Fig. 17. Indi-
cating with k the workpiece thermal conductivity, Fourier’s law for heat
conduction allows calculation of E(,m(Xi7 Yj) as:

LT (X, Y;)

1.4 )

E()MI (Xh Y/) = - k(T)

Similarly, as the heat flux is regarded as one-dimensional and tem-
perature decreases along X, the energy conducted in entrance in each
control volume (X;, ;) not in contact with the tool flank is equal to the
amount of heat leaving the neighbouring volume at (X; 1, Y;).

Ey (X, ) :Eour(Xi—h Y]) \A7

Xi > X, @

On the other hand, for control volumes confining with the cutting
insert, input heat can only be transferred from the adjacent tool’s flank
face. Hence, indicating this quantity as Eoue fank, the thermal energy
entering such volumes can be expressed as:

Ew(X:, ) = Eouprn: ¥ Vi

X, =X, %)

The term E‘omﬂ.mk in Eq. (5) could be evaluated from the flank-
workpiece temperature difference through an estimation of the flank-
workpiece thermal contact conductance hg, which is not specifically
available for the case of the flank-workpiece interaction within the
aggressive pCBN cutting (Test #4) of the advanced Ni base superalloy
under investigation. However, even by overestimating this value from
available literature on tool-chip thermal conductance in SSZ [6], the
heat exchange contribution with the tool flank in Eq. (5) is estimated to
have a magnitude significantly lower than the terms in Eq. (3). Hence, in
the following thermal balance analysis, the tool flank terms in Eq. (5) are
neglected with respect to the internal heat conduction terms in Eq. (3).

Hence, Egs. (1)-(5) allow to evaluate the heat transfer within the
machined subsurface volume based on the thermal field measured in
TSZ. In fact, TSZ temperature gradients exist as a consequence of the
heat flow in the workpiece subsurface, where the plastic deformation
process converts mechanical energy into thermal.

In this way, thermal energy balance in TSZ has been applied for the
analysis of the temperature maps measured under aggressive cutting
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with a pCBN insert (V¢ = 130 m/min, f = 0.15mm/rev, r = 30 pm, VBg
= 0.2 mm), as this can provide an interpretation on the formation
mechanisms of material drag and nanocrystalline layers analysed in
Section 4.2. Fig. 18a reports the measured thermal field for workpiece
regions beyond the cutting insert, where the X-component of tempera-
ture gradients is plotted at increasing workpiece subsurface depths and
at increasing Y-distances from the cutting edge.

More in detail, 14 Y-levels with ~20 pm spacing have been selected
to carry out thermal balance analysis at different times t after the cutting
edge has been surpassed. As shown by the temperature profiles along
Y1-Yy4 in Fig. 18a, temperature fast decreases when moving perpen-
dicularly to the machined surface, with a drop of ~350 °C moving at 60
pm in the subsurface depth. On the other hand, much smaller temper-
ature variations are found along Y, with temperatures being in a rela-
tively narrow interval at each subsurface location X. Hence, this
confirms the validity of Eq. (1) within the quasi-isothermal deformation
zone with VTy~O0. Thus, performing thermal balance analysis by means
of Egs. (2)-(4), the volumetric rate of heat generation due to plastic
deformation in space and time has been obtained for the workpiece
material passing through TSZ. The map in Fig. 19a represents the evo-
lution of such heat generation developing in time and at different sub-
surface depths X as the workpiece advances and deforms in contact with
the tool flank.

Highest values of heat generation within the TSZ plastic deformation
process are found for t—0 and X—0, i.e. at the very start of the flank-
workpiece contact and in correspondence of the material volumes
closest to the machined surface. This indicates that the most severe
plastic deformation develops at the beginning of the contact, where
plasticity is concentrated within very thin layers adjacent to the work-
piece surface. Shallow peaks in volumetric rates of heat generation
approaching ~12 kW/mm? are therefore associated with formation of
nanocrystalline layers as the one in Fig. 19b. This correlates with the
previous analysis that indicated how this process takes place at tem-
peratures in the range of ~10° °C, and in material volumes having un-
dergone heating rates in the range of 107 °C/s, which will subsequently
cool down at ~ -2x10° °C/s. At increasing times after the beginning of
the contact, the rate of heat being generated decreases reaching values
about a fourth of the peak (~3 kW/mm?) after ~0.1 ms, i.e. after a
~200 pm travel beyond the cutting edge. This is associated with
occurrence of strain hardening in the subsurface material volume,
resulting in lower dislocation mobility and hence to increasing
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Fig. 18. Temperature profiles in tertiary shear zone perpendicularly to the machined surface. (a) Example of thermal map acquired at the flank-workpiece
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Experimental temperature profiles beneath the workpiece subsurface at different distances from the cutting edge (X axis), i.e. at different times after entering in
interaction with the tool’s flank. Cutting experiment performed with a pCBN insert at V¢ = 130 m/min, f = 0.15mm/rev, r = 30 pm, VB, = 0.2 mm.
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Cutting experiment performed with a pCBN
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resistance to further plastic deformation as the tool-workpiece interac-
tion progresses. This can be linked to increased nano-hardness found in
machining-induced white layers in nickel-base superalloys, e.g. as a
result of broaching [33] or drilling [34].

A different trend is observed at higher depths in the workpiece
subsurface. In fact, at the beginning of the flank-workpiece interaction

20

(t—0), at subsurface depths X~20 pum the rate of heat generation reaches
significantly lower values (8 kW/mm?) with respect to the very surface
for X—0 (~12 kW/mm3). Nevertheless, volumetric rates of heat gen-
eration are relatively high up to a distance Y~250 pm (t~0.12 ms)
beyond the cutting edge, where they amount to ~5 kW/mm® at sub-
surface depths X~30 pm. Hence, although at intermediate subsurface
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depths lower peaks are reached at the beginning of the contact, their
decrease is slower over time. This indicates occurrence of less-severe
plastic deformation developing over a longer time interval and more
evenly spread over the workpiece-flank contact length, which has been
associated with the formation of material drag layers as the one shown

in Fig. 19¢ and to the less-severe subsurface plasticity observed by EBSD
analysis in Fig. 13.

4.6. Discussion

As introduced in Section 1, the analysis of the link between thermal
field and microstructural deformation within machining represents a
topic of interest, which has however been explored mainly for the study
of primary and secondary shear zones [19,35]. Temperature measure-
ments were used to analyse thermal phenomena involving the work-
piece volume [9,10], however with missing links to the resulting
microstructural condition. Whilst state-of-the-art investigations are
continuously advancing the existing understanding on the metallurgy of
material drag and nanocrystalline layers [17,33] in machined surfaces,
full comprehension of their formation mechanisms still requires an
in-depth understanding of the physical conditions under which they are
induced, i.e. as the newly cut surface interacts with the tool flank in-
stants after its generation.

However, although the severity of cutting-induced thermal and
mechanical effects can provide important insights on the phenomena
developing at the tool-workpiece interface, it has been shown how they
are unable to be generally associated to the deformation mechanism of
machined surfaces. Therefore, a more comprehensive description of the
thermal history of surface deformation has been implemented to ac-
count of the combined influence of thermal field severity and of the rates

International Journal of Machine Tools and Manufacture xxx (xxxx) xxx

at which the deformation process takes place in the workpiece subsur-
face. In this way, analysis of cutting-induced thermal cycles has not only
enabled a quantitative description of the time-evolving thermal condi-
tions induced in the machined surfaces during cutting, but also revealed
how the severity of microstructural deformation could be qualitatively
related to their magnitude and evolution.

Furthermore, application of thermal balance equations in TSZ has
allowed the stages of heat generation in the workpiece subsurface due to
its own plastic deformation to be discussed in relationship to the severity
of microstructural condition observed by metallurgical analysis.

Thus, combining the information available from thermal cycle
analysis and TSZ heat generation mapping, the microscale thermo-
mechanical history of surface deformation can be described according
to the process represented in Fig. 20, which comprises the following
steps.

Step I: Even if they are not deformed into a chip, before entering
TSZ, workpiece subsurface layers transit in close proximity to the tool-
chip interface, where thermo-mechanical fields propagate from the

nearby chip formation area. Hence, at the beginning of the interaction
between the workpiece material and the tool’s flank, TSZ entry
boundary conditions see the inlet workpiece material in a pre-heated
state. Heating rates magnitude strongly depends on the cutting process
thermo-physical boundary conditions (insert material, speed, feed, etc.)
with values in the range of 10° °C/s and 107 °C/s under conventional
and aggressive cutting conditions, respectively. Peaks in thermal gra-
dients have been found to relate with the severity of microstructural
deformation, as the heat flux enabling these gradients to exist is pro-
vided by heat generation due to plastic deformation. However, their
space distribution does not directly correspond to the locations where
plasticity occurs, as local heat transfer conditions allowed high gradients
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Fig. 20. Schematic of the thermal history of microstructural surface deformation induced at the tool-workpiece interface. Different microstructural con-

ditions are conceptually represented corresponding to each step of the machining-induced thermo-mechanical cycle within the workpiece subsurface volume (with
reference to the present case study involving cutting of an advanced Nickel-base superalloy).
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to propagate at deep subsurface levels where no traces of deformation
was found.

Step II: Hot metal mechanically engages with the tool flank, where
the dynamic contact pressure induces high-temperature subsurface
shear. As a result, microstructural subsurface deformation develops,
sweeping grain boundaries and inducing high lattice distortion to the
adjacent workpiece layers. Temperature peaks are hence reached shortly
beyond the cutting edge, with the extension of the temperature peaking
zone widening as the intensity of the thermomechanical interaction
increases, inducing a distinct quasi-isothermal deformation region
under the most aggressive cutting scenarios. As under such conditions
isothermal lines become parallel to the flank-workpiece relative motion,
energy balance performed perpendicularly to the cut surface has
allowed the distribution of heat generation to be evaluated in TSZ. Thus,
analysis of the volumetric rate of heat generation in the workpiece
subsurface revealed that most severe plasticity is to be expected in thin
surface layers and at the beginning of the flank-workpiece contact. This
has been associated to generation of the nanocrystalline (white) layers
previously identified by analysis of microstructural surface integrity.
Subsequently, heat generation fast decreases at shallow subsurface
depths before leaving the flank contact region, which is attributed to a
fast decreasing dislocation mobility within such highly distorted surface
layers offering increasing resistance to further strain. Hence, surface
loads resulting from the ongoing tool-workpiece interaction are trans-
mitted at higher depths into the workpiece. In fact, although in these
regions heat generation induced by plastic deformation was lower than
at the surface at the beginning of the contact, its magnitude keeps a more
constant trend when shallow depths heat generation decreases. This has
hence indicated that at increasing subsurface depths, a less severe and
more evenly spread plastic deformation process takes place, which has
been associated with formation of material drag layers previously
observed by metallurgical surface inspection.

Step III: Finally, a cooling phase takes place as the strained sub-
surface volumes move away from the flank contact region. Even though
the cooling phase is found to occur at rates significantly slower than the
ones encountered in the heating phase, subsurface cooling is still
extremely fast in absolute values with temperature decreasing at rates
down to -3x10° °C/s at the highest surface speeds tested within this
research. As this cooling phase has been accounted for gamma prime
phase suppression and growth of recrystallized grains in white layers
generated when mechanically machining advanced Ni-base superalloys
[17], investigating and quantifying the nature of the ultra-fast cooling
imposed to the previously deformed surface layers has primary impor-
tance to understand the resulting surface metallurgy.

5. Conclusions

Revealing the nature of the thermo-mechanical conditions induced
by cutting processes plays a pivotal role to understand the mechanisms
controlling the metallurgical integrity of machined surfaces. To this aim,
the present research has investigated the thermal history of machining-
induced microstructural surface deformation under different combina-
tions of thermal and mechanical effects, for a case study considering the
cutting of a next-generation Ni-base superalloy. Thus, this has allowed
the following points to be addressed:

1. For the first time, thermal cycles induced in the machined surfaces
while crossing the tool-workpiece interface have been described and
linked to the resulting microstructural surface integrity. A Heating-
Peaking-Cooling (H-P-C) thermal cycle has been identified under
thermo-mechanical conditions of intermediate severity generated by
different combinations of thermal and mechanical effects, which
induced heating and cooling rates in the range of ~3 x 10° °G/s and
~-10° °C/s to the workpiece subsurface. In this way, it has been
discussed how the different combinations of mechanical (f = 0.1mm/
rev, r =7 pm, VBy = 0 mm, V¢ = 30 m/min for CC and 70 m/min for
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PCBN inserts) and thermal effects (tool tip temperatures in the order
of ~900 °C for CC and ~700 °C for pCBN inserts) can result in
comparable thermal cycles, with their shape and magnitude relating
with the severity of cutting-induced microstructural deformation
(11-15 pm material drag layers). Thus, analysis of the thermal his-
tory was not only able to describe the exceptional conditions under
which metallurgical anomalies were generated, but it could as well
provide an indication on the extent of the cutting-induced subsurface
deformation.

2. Microscale deformation at each subsurface depth was found to occur
under almost constant temperature along the tool-workpiece flank
contact region under high-intensity thermo-mechanical effects. In
fact, under increased flank-workpiece mechanical engagement (due
to flank wear and a rounded cutting edge) a high-temperature quasi-
isothermal deformation region has been observed in tertiary shear, as
shown by the case study presented under aggressive processing
conditions (tool tip temperatures up to ~ 1100 °C, V¢ = 130 m/min,
f=0.15mm/rev, r = 30 pm, VBy = 0.2 mm). Specifically, subsurface
thermal cycles under severe thermo-mechanical effects have been
identified as a sequence of Heating, Quasi-Isothermal Deformation
and Cooling (H-Q-C), with extreme heating and cooling rates
approaching values of ~10” °C/s and ~-3x10° °C/s, respectively,
which are associated to the formation of ~1 pm-deep nanocrystalline
layers and ~24 pm material drag layers. In this way, this has further
highlighted the existing link between the severity of thermal cycles
and the resulting surface metallurgy.

3. The thermo-mechanical stages of material drag and nanocrystalline
layers formation have been revealed by analysis of the rates of heat
generation in the workpiece subsurface as a result of plastic defor-
mation in tertiary shear zone. Thus, the plastic deformation mech-
anism of workpiece layers mechanically interacting with the tool
flank has been revealed by application of energy balance equations
over a mesh of TSZ control volumes, for a case study considering the
high-temperature deformation of an advanced Nickel-base superal-
loy. This has allowed the different stages of plasticity to be uncov-
ered, with volumetric rates of heat generation approaching ~12 kW/
mm? at the beginning of the contact and within volumes nearest to
the workpiece surface.

4. Finally, a comprehensive and general analysis associating heating-
cooling rates and heat generation to both the thermo-mechanical
boundary conditions and to the resulting microstructural surface
integrity was outlined. This has provided an informed description of
the process transforming bulk material regions into highly strained
material layers, with particular references on the extreme physical
conditions developing when mechanically machining next genera-
tion nickel-base superalloys.

In this way, the present research has systematically investigated the
thermal field evolution characterising the microstructural surface
deformation process induced by mechanical material removal, and its
link to the resulting metallurgical surface integrity. In particular, the
knowledge developed in this work has been applied to study the case of
an advanced Ni-base superalloy for high-temperature applications,
providing unprecedented knowledge on the physical conditions under
which machining-induced layers are generated in this unique class of
materials. In addition, further research on the relationship between
thermal fields in TSZ and surface deformation could enable the devel-
opment of advanced process optimisation approaches or even in-situ
surface integrity estimation through monitoring of temperature evolu-
tion in the machined surface volume. Furthermore, it is believed that the
knowledge presented in this work is not only limited to mechanical
machining processes, but can be translated for a wider understanding of
manufacturing processes were severe plastic deformation is induced, by
means of an energy-based description of the thermo-mechanical condi-
tions induced to metals in relationship to the resulting metallurgical
state.
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