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Abstract

This paper studied the formation mechanism of white layer of a next generation nickel-based
superalloy formed under severe plastic deformation induced by a mechanical material removal process.
A graded microstructure of the white layer in the nickel-based superalloy has been revealed for the
first time, which is composed of (i) a “dynamic recrystallisation” layer formed by nanocrystalline
(~200 nm) grains at the vicinity of the surface and (ii) a “dynamic recovery” layer with subgrain
microstructures extending further into the subsurface. The mechanism of surface grain refinement was
identified based on the results obtained via crystallographic and chemical analysis, as well as in-situ
micro-mechanics experiments in the scanning electron microscope. It is found that in the top surface
layer not only grain refinement but also the y’ phase dissolution occurs, changing drastically from the
bulk material. Furthermore, it is shown how the high plastic strain and cutting temperature along the
subsurface causes grain refinement in the white layer and grain elongation in the subsurface. The y’
precipitates in the recrystallisation layer are dissolved during the machining process, while the ultra-
high cooling rate suppresses the further precipitation of this phase, resulting in the supersaturation of
y grains or minimized y’ precipitates in the top surface layer. Hence, the grain refinement does not
result in an increase of mechanical stiffness but a deterioration of mechanical properties due to the
dissolution of the strengthening phase y’, which leads to a lower strength and increased ductility.
Machining is generally treated as a cold-working process. However, according to our findings hot-
working with dynamic recrystallisation and recovery, as well as phase evolution, occurs in the white

layer of nickel-based superalloys.
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1. Introduction

Nickel-based superalloys consist of L1 crystal structured gamma prime (y’) phase precipitation in
the disordered face centred cubic (FCC) gamma (y) matrix to strengthen the material at high
temperatures. Consequently, these materials are widely used for the manufacture of safety critical
components for high-value industries (e.g. aerospace, marine, nuclear) [1,2]. Mechanical machining is
the main material removal process currently used to achieve the final component geometry at the
surface roughness required for these critical applications [3]. However, due to the mechanical
engagement between the cutting tool and workpiece, severe plastic deformation (SPD) always occurs
in the workpiece superficial layer, leading to surface alterations which are the main causes of local
modifications of material properties [4]. Of these superficial layer modifications, the formation of a
white layer, also known as a 'non-etching' layer, is an artefact that appears featureless and white when
viewed under an optical microscope after polishing and etching. While the fatigue life is of key
importance when nickel-based superalloys are used in safety critical conditions, white layers are

generally considered to be detrimental to fatigue life and stress corrosion cracking [5].

It has been found that grain refinement occurs within the machining induced white layer which
presents a nanocrystalline microstructure [6,7,8,9]. This ultrafine grain structure is believed to be
primarily attributed to recrystallisation (RX) induced by the severe plastic deformation of the
machining process (e.g. at high strain rates of 10-10%s and strains of 1-15) [10,11,12]. More
interestingly, while this nanocrystalline superficial layer of nickel-based superalloys induced by
machining is undesired for safety critical aero-engine applications, researchers have also reported that
the ultrafine grained microstructures, with an extremely large fraction of grain boundaries, are
favourable to be employed to improve material performance, i.e. higher hardness, strength, wear-
resistance and fatigue life, in other materials (e.g. titanium, copper and aluminium) [13,14, 15]. This
grain refinement has drawn tremendous interest from scientists and various methodologies of severe

plastic deformation such as laser shock peening [16,17,18], cold rolling [19], equal channel angular
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pressing (ECAP) [20, 21], high pressure torsion (HPT) [22,23] as well as mechanical machining [24]
have been developed to achieve the refined grains. Although machining has been shown to be an
effective way to achieve SPD for different materials, such as copper [10], aluminium [25] and titanium
[26,27] for improving their mechanical properties, the machining induced white layer grain refinement
of nickel-based superalloys is proven to significantly reduce their fatigue life (e.g. 40 times reduction

in low cycle fatigue test) [28,29] and therefore, this needs further investigations.

One of the challenges in characterising the nanocrystalline superficial layer formed during
machining is that bulk tests cannot be performed due to the small thickness of the white layer (a few
microns) and consequently, micromechanics need to be employed. Furthermore, the machining of
nickel-based superalloys results in a unique combination of large values of strain and temperature.
These two conditions together are not found in other SPD processes due to the lower process
temperature used. In addition, when machining other materials the temperatures reached during cutting
are relatively low (e.g. in copper only approx. 0.4 melting temperature) [10]. Therefore, this unique
combination of high strains and strain rates at high temperatures is exclusive to materials such as
nickel-based superalloys where high values of strength are maintained at high temperatures together
with low thermal conductivity [30]. Previous research through X-ray diffraction (XRD) also suggested
that all major phases contained in the bulk material were present in the white layer and there was no
clear phase transformation in this thin layer of machined nickel-based superalloys [31]. However,
considering its detrimental effects to their fatigue performance as well as the difficulty in characterising
this thin layer, the authors would question this conclusion. Specifically, the coherently precipitated
face centred cubic lattice y’ phase has similar lattice parameters compared to the y matrix, making the
phase identification process very challenging. In addition, the thin thickness of the white layer may
also lead to the failure of employing XRD due to the penetration of X-rays into bulk material. Thus,
the fact that the fatigue performance is deteriorated due to the white layer, together with the lack of

research focusing on the microplasticity understanding of the recrystallisation effects, draw the need



of systematic investigation of the micro-mechanism of white layer. Consequently, one would question:
why does this refined grain layer in nickel-based superalloys not provide a surface enhancement but

deteriorate the material performance instead?

To this end, the microstructure evolution mechanism in the superficial layer of machined nickel-
based superalloy is of great practical importance because of the close relationship between the
microstructure (e.g. grain structure and y’/y distribution) and material performance of these specific
alloys. While the governing mechanisms of the machining induced white layer in other materials, such
as copper [10], titanium [26, 27] or alloyed steels [32, 33], have been revealed recently, its formation
mechanisms in nickel-based superalloys and the resultant microstructural changes is still pending.
Moreover, as the microstructure of nickel-based superalloys is unique when compared to pure metals
or alloy steels, due to the high volume fraction of coherent L1, crystal structure y’ precipitates in a
disordered y matrix which results in low thermal conductivity and high strength even at high
temperatures, it could be imagined that the white layer formation mechanism of this alloy would
remain unique from other materials. Thus, the formation mechanism of the machining-induced white
layer in nickel-based superalloys is worth investigating in order to further explain its detrimental
impact in the mechanical performance of the material. In this study, a high-strength polycrystalline
nickel-based superalloy, S135H [34], was chosen to study the mechanism of grain refinement layer
generation due to aggressive machining. A thin white layer (3~4um) of refined grain size (~200nm),
which is significantly smaller than that in bulk material (~5um), was achieved in the superficial layer
of the machined surface. The underlying formation mechanism of this thin severe plastic deformation
layer induced by machining was revealed with detailed high resolution analysis and microplasticity

investigations.



2. Experimental procedures

2.1. Material and processing parameters

The material used in this research is a new nickel-based superalloy (S135H) that has been designed
to have a y’ content of 54% for potential aero-engine applications [34]. The chemical composition of
this alloy is presented in Table 1. The alloy was manufactured by powder metallurgy via hot isostatic
pressing, followed by a solution treatment at 1190°C for 2 hours with air cool and aged with 850°C for

4 hours to reach a fine grained microstructure (~5um average dia.).

Table 1 Chemical composition of S135H (wt%)

Ni Cr Co Nb Ta Al Ti W Fe Mn Mo C B Zr

Bal 123 40 21 46 38 26 32 34 05 06 0.02 0.02 0.06

An orthogonal cutting process, i.e. dry plunge turning, has been carried out with a solid carbide
parting tool (0° rake angle, 7° clearance angle and a 10um edge radius) under an aggressive cutting
condition with high cutting/feed speed and tool wear (cutting speed V=80m/min, feed speed
f=0.1mm/rev, average flank wear VB=0.3mm) to generate a severely plastic deformed layer (white
layer) on the machined surface. The surface roughness before machining is 0.58um while after

machining is 1.29um.
2.2. Specimen characterisation

The cross-sections of the machined sample were finely polished and etched with 10%
orthophosphoric acid in distilled water while exposed to a voltage of 10 V for 7-10s to reveal, under
the FEG-SEM (JEOL 7100), the white layer and the y* microstructure in the bulk material. An electron
probe microanalysis (EPMA, JEOL JXA-8200) was also employed for the elemental mapping of this
thin layer. To study the grain structure, the non-etched sample was first analysed via ion channelling

contrast (ICC) imaging at 30 kV and 15 pA, using a focused ion beam scanning electron microscope



(FIB-SEM, Tescan Lyra FEG). A lamella of about 100 nm thick was then lifted-out from the machined
superficial layer for grain orientation mapping by Transmission Kikuchi Diffraction (TKD). SEM
conditions of 30 kV and 5 nA were used for the mapping with 15 nm step size, using a DigiView V
EBSD camera from EDAX, The data have been analysed with the OIM v7 software. The lamella has
also been imaged via transmission electron microscopy (TEM) with a FEI Titan Themis system
equipped with a SuperEDX system (FEI) for both energy dispersive X-ray (EDX) mapping and
microstructure evaluation. The DF-STEM images were collected in an ADF (Annular Dark-Field)
imaging configuration, with a combination of mass-thickness contrast and orientation contrast evident.
Thus, both the grain orientation mapping and high resolution chemical/microstructural information
could be obtained from the same area in order to compare the phase transition with the grain evolution

in the thin white layer.
2.3 Micro-mechanics characterisation

To study how the elastoplastic material mechanical properties change within the thin white layer
(approx. 3-4 um) induced by the severe plastic deformation during the machining process, uniaxial
cyclic loading-unloading compression tests of micro-pillars were performed on both the white layer
and the bulk material. The micro-pillars were prepared near the machined surface (1.5 um from micro-
pillar centre to surface) and in the bulk material with an approximate diameter of 3 um and a height of
7 um, by using a Tescan Lyra dual FIB/SEM (FEG). For each sample at least 3 pillars were tested.
The loading-unloading tests were conducted with an Alemnis Nanoindenter equipped with a diamond
flat punch at displacement intervals of 0.02 and 0.1 um and a constant strain rate of 0.1 s at room

temperature.



3. Results

3.1 Grain morphology of the white layer

In order to understand the microstructure of the white layer, the bulk material was first studied,
revealing a trimodal size distribution of y’ precipitates, as shown in the SEM and EDX images in Fig. 1.
The size of primary, secondary and tertiary y’ precipitates was found to be around 3 pum, 400 nm and
20 nm, respectively. The EDX maps show that the main constitutive elements of y’ precipitates are Al
and Ti, while Cr is mainly located in the y matrix. These y’ precipitates are the main contributors to

the enhanced strength of the S135H.

v’ composition

Fig. 1 Secondary Electron micrograph of an etched S135H microstructure revealing a trimodal size

distribution of y’ phase and corresponding EDX maps

A polished and etched cross-sectional image of the superficial layer after machining showing how
the thickness of the white layer varies between 3-4 um can be observed in Fig. 2 at two different
magnifications. Adjacent to the white layer there is a clear area (around 12 um thickness) showing a
high extent of material deformation affected by the mechanical effect of the cutting process. It is
evident that during machining, the engagement of the cutting tool with the workpiece causes
microstructural changes within the surface layer, and these influences decrease from the free surface

toward bulk material. However, from the SEM observation, it is still not evident how this surface layer



is affected. Consequently, electron transparent samples containing information of the surface and
subsurface from the non-etched sample have been lifted out (as shown in red box in Fig. 2) for in-

depth characterisation of the microstructure via TEM and TKD.

: | Bulk
Material

Deformed
Area
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Layer

Fig. 2 Secondary Electron micrograph of etched sample after machining revealing subsurface changes in the
white layer and material distortion in the bulk material. The red rectangle shows the location of the TEM
lamella, also used for TKD.

As observed in Fig. 2, the white layer is insensitive to etching and featureless, thus two hypotheses
for the formation mechanism of this layer could be proposed: i). only a recrystallisation process
occurred, leading to small grain size which could affect the etching and there is no phase change in
this layer; ii). both the grain size and vy’ precipitates have been changed during mechanical cutting. To
evaluate these two hypotheses the main forming elements of y’ (Al, Ti and Ta) and y (Cr) were analysed
by electron probe microanalysis mapping the superficial layer. Fig. 3 shows that in the white layer, the
elements are dramatically dispersed and featureless compared to the bulk material where the y’/y phase
can be easily distinguished. Consequently, it could be commented that a phase transition might be
happening within the white layer. This is contrary with previous research studying the white layer
formation in nickel-based superalloy, which suggested that no dissolution and precipitation occurs

6, 31].
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Fig. 3 Electron probe microanalysis mapping across the superficial layer of a machined surface showing a

featureless distribution of elements in the white layer.

To further understand the recrystalisation mechanism in the white layer, ion channelling contrast
(ICC) imaging was conducted in the superficial layer (Fig. 4), whereby both the crystallographic
orientation and y’/y contrast could be revealed. The ICC imaging shows the ultrafine grain size formed
in the white layer, indicating that grain refinement occurs in this superficial layer. Severely deformed
grain morphology has also been captured adjacent the grain refinement layer, where the grain size is
dramatically increased to around 7 um. Surprisingly, this change in the grain size from ultrafine
(hundreds of nm) to several microns is abrupt, which differs from other severe plastic deformation
processes (e.g. laser shock peeing) where a gradual transition of the grain size was reported [18]. In
ICC, it is also interesting to see that the different contrast between the y/y’ phase microstructure was
revealed due to the different ion etching rate of y and y’ phases. However, this y/y’ contrast was only
observed in the substrate layer where large grains are present, while it could not be appreciated in the

recrystallisation layer due to its featureless nature.
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Fig. 4 lon contrast channelling imaging of the subsurface on machined sample revealing the grain

refinement in white layer as well as y/y’ contrast microstructure in bulk area.

The grain structure in the white layer is too small to be revealed by conventional EBSD, therefore
TKD has been made on a lift-out thin lamella (location in Fig. 2), which provides a significant higher
spatial resolution and quality results compared with the EBSD. As shown in Fig. 5, it reveals a
recrystallisation layer (of around 2 pum thickness) with an approximatively grain size of 200 nm in the
superficial layer showing blocky grain structure with only a low amount of small angle boundaries.
Interestingly, below the recrystallisation layer, a transition layer (of around 1.5 um thickness) is formed
with low angle grain boundaries and subgrains, while larger grain in the bulk material, with a lot of
small angle grain boundaries and misorientation gradient due to the plastic deformation is found in the
subsequent bulk material layer due to the dominating high plastic deformation. Thus, based on the
differences in grain structures, the superficial layer can be divided into recrystallisation layer, transition
layer and deformed bulk layer (as shown in Fig. 5). It can also be seen that in the recrystallisation layer,
although the grain size is more than 10 times smaller than the bulk material, the grains have nucleated
and grown properly into individual crystals with lower intragranular misorentation and defects. In the
transition layer both the new grains with low grain boundaries and subgrains were found due to the

reduction of thermal and strain energy from the top machined surface towards the substrate. In the
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subsequent bulk layer (further from the cutting region), large grains with high intragranular
misorientations are found as there is a lack of enough energy (thermal and mechanical) to nucleate
new grains. Corroborating this with the previous observations (Fig. 2-4) it could be concluded that the
difficult-to-etch white layer is not a simple recrystallisation layer but it also consists of a layer of
subgrains. This imaging gives a more detailed description of the white layer formation in a machining
process, as the previous research with EBSD work [4] was not able to achieve the spatial resolution

necessary for such a highly deformed and ultrafine grain structure.

Machined surface
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Fig. 5 STEM (a) and SEM-TKD (b) images of the superficial layer of a machined workpiece revealing that

the white layer can be divided into two layers: recrystallisation layer and transition layer
3.2 Plastic behaviour and microstructure of white layer

It has been reported that grain refinement under severe plastic deformation improves the material
mechanical performance, known as the “Hall-Petch strengthening” [35]. However, its applicability in
refined structures of nickel-based superalloys emerging from a machining process is not clear. Up to
now, only micro-hardness investigations have been reported in this machined superficial layer, while

other micromechanical properties such as fatigue strength, dimensional stability and relaxation
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phenomena have rarely been studied, due to the small thickness of this layer. Since the mechanisms of
plastic deformation and dislocation accumulation presumably control the fatigue behaviour of the
material, in order to investigate the material deterioration of this thin layer, a loading-unloading
compression test of micropillars on both the bulk material and white layer has been conducted. This
microplasticity test can allow an understanding of how these two materials (i.e. bulk material and white

layer) behave in an elastoplastic regime.

(b)
Fig. 6 Micropillars for cyclic compression test on the (a) bulk material and (b) white layer (see schematic for

locations of the pillars)

Fig. 6 shows that the material deformation mechanisms of the white layer and the bulk material are
completely different: in the bulk material the pillar shows the displacement of slip planes during the
compression loading-unloading while in the white layer only bulging of the pillar occurs. More
interestingly, from the stress-strain curve (Fig. 7a), it can be observed that in the bulk material the yield
point is well defined (around 1000 MPa) while when the applied stress exceeds, this yield point

microplastic deformation starts to dominate the process, i.e. plastic strain occurs. In contrast, the white
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layer seems to plastic deform without having any clear yield point (Fig. 7b). More clearly, it can be
observed in Fig 7c and Fig.7d how the plastic strain and plastic strain energy (energy dissipated in
plastic deformation) for the bulk material start to increase after the stress reaches a critical value (i.e.
yield stress-1000 MPa), while in white layer there is almost no elastic recovery even at low stresses
(e.g. 300MPa). This significant plasticity explains the deterioration of the material mechanical

performance.

In monocrystalline metals the micro-elasticity is associated with reversible dislocation motion,
while micro-plasticity is related with the break-away from strong pinning points, subsequent motion
and interaction of the dislocations [36]. The observed high plasticity phenomenon, on one hand, can
be speculated as the Bauschinger behaviour of the white layer, which is due to the tensile plastic strains
induced by the thermal effect with high dislocation density [4, 7] and when compressive strain is
applied the Bauschinger effect changes the unloading yield stress. On the other hand, since the y’
precipitation contributes to the prevention of the penetration of dislocations from the y constituent, it
can also be assumed that the loss of the y’ phase in white layer could contribute to the dominating
plastic behaviour and the low value of yield strength. This will also be investigated in later study of

the phase transition of the white layer.
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Fig. 7 Cyclic compression test of micro-pillars in the white layer and bulk material: (a) and (b) stress-strain
curves of displacement controlled loading-unloading compression tests, (c) plastic strain and (d) plastic strain

energy (plastic area under the stress-strain curve) vs loading stress

The TEM image of the bulk material (Fig. 8a) shows the clear contrast of cuboidal y’ precipitates
along the y channels. A long grain boundary can be also observed, indicating the grain size in the bulk
material. In the white layer (Fig. 8b), no y/y’ contrast has been observed, which indicates that the y’
has been dissolved or refined during the machining process. However, the microstructure of the white
layer is clear, including grain boundaries, twin boundaries (similar to the twinning observed in [16]

and [18]), and the dislocation defects.

Grain Boundary

Carbide

@) (b)
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Fig. 8 TEM micrographs of (a) bulk material showing big grains and y’/ y contrast and (b) white layer

showing nanocrystalline.

The grain boundary map obtained from TKD analysis (Fig. 9) shows that the twin boundaries are

mainly concentrated in the recrystallisation layer, presumably due to the high plastic strain and

temperature induced by the machining process. The low angle grain boundaries (LAGB, <20°) are

mainly concentrated in the transition area and deformed bulk layer. These LAGBs store the dislocation

energy necessary to generate the nuclei for recrystallisation crystals, but the recrystallisation could not

occur in these two areas due to the reduced temperature and strain with the increased distance from the

tool-workpiece interaction area, i.e. free surface. These low-angle grain boundaries are mainly

generated from the high plastic strain induced dislocation activities. In the recrystallisation layer, the

amount of LAGB is reduced and the formation of high angle grain boundaries (HAGB) is observed.
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Fig. 9 Grain information of Transmission Kikuchi Diffraction in the superficial layer at the depth of 0-

2.5um (a) and (b) and 0-12um (c) and (d) from the machined surface.

Fig. 10 (a)-(d) show the TEM images of the superficial layer at a depth of 0 to 8 um from the

machined surface. It can be seen that the crystal defects are mainly formed by accumulation of
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dislocation tangles (DT), dislocation walls (DW) and mechanical twins (MT) in the white layer
(Fig. 10a and b) while in the deformed bulk material layer (Fig. 10c and d) only DTs and DWs are
found and no MTs appear. Moreover, in the recrystallisation layer (Fig. 10a, 0-2 um from the machined
surface) the density of intergranular defects is much lower than that in the transition and deformed
bulk material layer, as most recrystallised grains have been fully developed and the dislocation defects
around the grains have been absorbed. Interestingly, dislocations bowing out around the y’ precipitates
are found in the deformed bulk material layer, while no distinct y* precipitates could be found in the
white layer. Coupled dislocations are also observed in the y-y* microstructure (Fig. 10d). The formation
of subgrains is observed in the transition layer and the deformed bulk material, while pre-nuclei
forming from pre-existing grain boundary toward the interior of a highly strained grain boundaries are
also found (Fig. 10b and c). Due to the large strain induced by the mechanical load, the highly deformed
crystalline structure generates high intragranular misorientation gradients, which constitute the pre-
nuclei for recrystallisation. The nucleation starts with the pre-nuclei or subgrains and grows by
absorbing its neighbouring pre-nuclei, subgrains and dislocations with thermally assisted low angle
boundaries migration, thus increasing the orientation difference and generating the high angle grain

boundary [37].
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Fig. 10 TEM micrographs of the superficial layer: (a)-(d) from free surface to the deformed bulk area.

Fig. 11 reveals the intragranular crystal defects in the white layer at the nanoscale, which are
induced by the severe plastic deformation during the grain refinement process. Multifold nano-

twinning is found in the refined grains (Fig. 11a), while dislocation cells are shown in transition layer
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(Fig 11b). The dislocation cells are developed from the intersections of the dislocation walls being
transformed afterwards into subgrains or nuclei with annihilation and rearrangement of the dislocations

for further development of the recrystallised grains.

Fig. 11 Dislocation activities of the white layer at the nanoscale.

3.3 Phase transition in the white layer

To further understand the evolution of the chemical compositions in the affected layers, an
elemental mapping of the y/y’ elements containing the same areas analysed via TKD is shown in
Fig. 12. A clear boundary between the white layer and deformed bulk material can be found in the
elemental (e.g. Ni, Al, Cr) maps, findings which align well with the TKD crystallographic observations.
More interestingly, a near uniform distribution of y/y’ elements is also found at the top of the superficial
layer (0-2 pm), which corresponds to the recrystallisation layer and indicates the occurrence of y’
dissolution in this region. In the subsequent layer (transition layer) it can be observed that the vy’
precipitates have been partially dissolved with a reduction in size, while being distorted under the

effect of high temperature and high plastic strain induced by machining.
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Fig. 12 Scanning TEM image and elemental distribution in superficial layer revealing the evolution of y” in

the machining process of a nickel-based superalloy

However, it also can also be seen that in the recrystallisation layer some primary y’ could not be
fully dissolved due to the short temperature dwell time of the cutting edge engagement with the
respective zone of the workpiece. This can be seen more clearly in Fig. 13 where some of the primary
v’ particles are partially dissolved and consequently the morphology of these residual particles changes
from cubic to a more irregular shape. No re-precipitation is found in this area, a conclusion which
differs from other research [6, 31] which claimed that only grain refinement happens in the white layer

of nickel-based superalloys, while no phase change occurs.
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Fig. 13 EDX mapping of the elemental distribution showing the residual primary y’ particles in the

recrystallization layer with the atom diffusion directions.

In the transition layer (Fig.12), the y’ precipitates are more distorted and partially dissolved,
resulting in larger y channels in this layer than that in bulk layer. This grain distortion indicates that
dislocation movement happened not only within the y phase but also inside the y’ precipitates. MC
type carbide (Ti/Ta/NbC) is also found in the recrystallisation layer, while oxidation is observed in
both the recrystallisation layer and the transition layer (Fig. 12). The observed MC is from the original
material, as this type of carbide is normally stable even at the temperature close to the melting point
and it also present at other locations of the bulk material (Fig. 7a). Surprisingly, it also can be seen
from the oxygen mapping that, in the transition layer, oxygen cavitation/pore appears in the site of the

v’ precipitate, which means the y’ phase has a smaller oxide fraction than the y phase.

In the deformed bulk material layer, the y* precipitates have not been dissolved but were partitioned
with penetrating a certain dislocations. This can be also seen in Fig. 14, where the coupled dislocations
penetrate through the y’ precipitates and cut the particles. Thus, based on the y* phase evolution, the
superficial layer can be divided into three layers: v’ dissolved layer, y” distorted layer and y’ sheared
layer, findings which support the observation of the phase evolution in the corresponding three
crystallographic layers (recrystallisation, transition and deformed bulk material layer). This
deterioration of the strengthening phase (i.e. y’ precipitates) may explain the significant plastic

behaviour of the white layer observed previously in Fig. 7.
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Fig. 14 Shear cut of v’ precipitate by coupled dislocation in the deformed bulk layer

4. Discussion

In the machining process the material above the cutting plane is removed by a moving wedge-
shaped cutting tool with a shear deformation under high strain and strain rate. In the present study, the

shear strain ¢ in the cutting zone can be calculated as [38]:

cos a, 1
£ = = = 1 3
2v/3sin @, cos(@,, — a,))  2v/3 * sin 40 cos(40 — 0)

(1)

where the @,, a,, are shear angle and tool rake angle, respectively. The shear angle can be calculated

from Merchant theory in metal cutting mechanics [39].
The strain rate ¢ in the tool edge-workpiece interface can be estimated as [38]:

2V cos ay, 2%80%10°x*1

&= = =40%103s"1 (2
V3hy cos(@,, — ;) V3 * 0.5 % 100 * cos(40 — 0) * 60 @)

where hy, is the primary shear zone thickness and can be estimated as half of the uncut chip thickness

(0.5h), V is the cutting speed.

The equilibrium weight fractions for y, y’ and liquid phase predicted by thermodynamic modelling
(Thermo-Calc Software) for the S135H are shown in Fig. 15(a) over the temperature range of 500°C

and 1500°C. It can be seen that the predicted y’ solvus temperature of S135H is approximately 1160°C.
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More details of the alloy thermodynamics can be found in [34]. According to the thermal camera
measurement of the machining process the cutting temperature in the tool edge-workpiece interface
would reach around 1000 °C [4], while considering the measurement error (e.g. error of camera
calibration for the alloy at high temperature and the shadow of tool in the cutting edge-workpiece
interface) the real cutting temperature could reach values of around 1150-1200°C, temperature at
which y’ has a high percentage of solvation while the y reach higher percentage. This supports the
previous observation that y’ is dissolved and partially dissolved in the recrystallisation and transition
layers, respectively (Fig. 13). This, combined with the previous observation of dislocation activities,
can describe the dissolution of y’ precipitates into two stages: at first, due to the high dislocation density,
the dislocations could deform and penetrate through the y’ precipitates and divide them into small sizes,
which leads to a thermodynamic instability of the y’ precipitates; secondly, the high temperature
developed during cutting accelerates the diffusion of the thermodynamically instable y’ elements (i.c.
Al, Ti, Nb and Ta) into the y matrix which leads to the dissolution of vy’ precipitates even at a

temperature below the solvus point.
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Fig. 15 Predicted equilibrium phase diagram of S135H. The Insert images are TKD and EDX mapping (Al) of

the superficial layer representing the microstructural and chemistry evolution along the subsurface.

Using the experimental cutting temperature in corroboration with an analytical model of the

temperature profile in a machined surface layer in orthogonal cutting [4, 40] the equivalent cooling

22



rate on the workpiece surface could be approximated as around 106 °C/s. The estimated high cooling
rate is much higher than the one found in conventional heat treatment process, due to the high speed
of the moving heat source (i.e. cutting tool) and small thickness of the thermal affected layer [40, 41].
With this high cooling rate, the atomic diffusion would be frozen in the superficial layer, as there is no
sufficient time to allow the precipitation of dissolved atoms. In particular, the y* constitutive elements
would not have enough time to reach the interface of the precipitates with the decreased diffusivity
and this would result in a top surface layer (y’ dissolved layer) consisting of a supersaturated y phase
with y* forming elements (e.g. Al, Ti, Nb and Ta) or superfine y’ nuclei, which is similar to previous
observations in other processes (e.g. friction welding and water quenching) [42, 43]. Hence, the growth
of vy’ particles in this layer is expected to be suppressed and the precipitate size minimized, as
previously shown in Fig 13. On the other hand, this change of y’ phase also explains the lack of
elasticity of the white layer and hence the softening behaviour of the nickel-based alloy when

containing this thin layer.

Thus, based on the phase evolution analysis observed beneath the machined surface, the superficial
layer can be identified in three different regions: (1) y’ dissolved layer where the secondary and tertiary
v’ precipitates are fully dissolved while the primary y’ precipitates are partially dissolved due to the
high temperature and high strain/strain rate; (2) y’ distorted layer where the y’ precipitates start to be
dissolved due to the relative high temperature and are distorted with high dislocation density; and (3)
v’ sheared layer where the accumulated dislocations either pile-up/bow around y’ precipitates or shear
them by coupled dislocations, which results in plastic deformation of the y matrix with both elastic

(dislocation bowing out) and plastic deformation (coupled dislocation) of y* precipitates.

From the TKD and TEM observations it can be asserted that the white layer is not only formed by
recrystallised grains, but it also includes a transition layer constituted by subgrains. It also can be

observed that although the strain and strain rate induced by mechanical machining decreases along the
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depth of the workpiece, the dislocation density in the transition layer (Fig. 10b) is higher than that in
the recrystallisation layer itself (Fig. 10a). This phenomenon is due to the dislocation rearrangement
needed for forming the large angle grain boundaries and eventually the refined grains in the
recrystallisation layer, which is known as dynamic recrystallisation. Moreover, in the transition layer
a great amount of subgrains have been found (Fig. 5 and 10b), which are mainly formed from partition
of the original grains through dislocation annihilation and rearrangement, known as dynamic recovery,
before they can develop into recrystallised grains with higher temperature and strain. This observation
is different from previous research of Inconel 718 [44], where the initial coarse grains were believed
to be subdivided by the mechanical twinning. In the present study, the dislocation activities involve
the development from dislocation lines inside the grains to dislocation tangles and dislocation walls,
wherein their intersections form the dislocation cells and subgrains which subsequently become refined
grains. Thus, recrystallisation grains in the white layer do not nucleate in the classical way but rather
grow pre-existing dislocation cells and subgrains initiated from dynamic recovery. The grain
refinement mechanism of white layer could be illustrated with three steps, as shown in Fig. 16:
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Fig. 16 Schematic illustration of grain refinement mechanism in white layer showing the phase and grain

structure evolution with the high temperature and strain rate induced by machining.
Step I: The high strain and strain rate induced by machining process lead to the formation of high
density dislocations, which develop into dislocation tangles and walls resulting in storage of the
system energy in the form of crystalline defects (Fig. 9 and 10). The original coarse grains are then
subdivided into dislocation cells by these dislocation tangles and walls (Fig. 10 and 11) and generate
high local orientation gradients (Fig. 9). In this process, not only the y matrix has been plastically
deformed by the high strain and strain rate, but the massive dislocations also bow around the y’
precipitates or shear (cut) them with coupled dislocations, generating both the elastic and plastic
deformation of these y’ particles (Fig. 16-T-1). Thus, the dislocations accumulated in both the y
channels and y’ precipitates and the coarse grains can be subdivided efficiently by the DTs and

DWs.

Step I1I: With the further increase of strain rate and strain a higher dislocation density is generated.
To decrease the stored energy, the dislocation cells will then absorb the accumulated dislocations
and develop into subgrains or pre-nucleations which results in the transformation of the dislocation
walls into low angle grain boundaries. In turn, these submicron subdivided blocks gradually become
subgrain boundaries. In this stage, dynamic recovery dominates the grain evolution, while the
insufficient energy leads to a disability to trigger the recrystallisation process. Moreover, the cutting
temperature also increases, which combined with the high strain and strain rate, leads to partially
dissolved and plastically deformed y’ precipitates and in turn reduces structural rigidities that hold

down dislocation movement (Fig.16-T-II).

Step I1I: When cutting temperature reaches the highest value due to the direct engagement of the
cutting tool and workpiecethe, the secondary and tertiary y’ precipitates are fully dissolved
eventually, while the primary y’ precipitates are partially dissolved with the acceleration of atomic
diffusion of y/y’ constituent elements (Fig.16-T-I11). At the same time, the formed subgrains absorb
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the dislocation faults around the grain and increase the grain boundary angles, thus generating nuclei.
This process causes a large amount of dislocation annihilation and rearrangement of dislocation due
to the high energy consumption for nucleation and growth of recrystallised grains. Eventually, the
nuclei grow into entirely new strain-free grains with high angle grain boundaries. A high frequency
of mechanical twins also occurs in this layer due to dissolution of y’ phase and high stress
concentration. Due to the high cutting speed, the heat source (cutting tool) moves fast and results
in a thin thickness of the thermally affected layer, while also leads to a ultra-high cooling rate. This
high cooling rate results in the suppression of y* precipitation and the growth of the recrystallised
grains, as can be seen in Fig. 5 and 13. As a result, the microstructure is one of fine grain size
containing a supersaturated y phase and y’ forming elements or superfine precipitates containing

minimal intergranular defects.

5. Conclusion

The formation mechanism of the white layer in a next generation nickel-based superalloy induced
by the high strain material removal process has been studied in detail. The crystallographic and
chemical data of the nanocrystalline layer were captured with multi-resolution microscopic methods,
and the micro-plasticity of this layer was investigated by in-situ loading-unloading cyclic compression
testing of micro-pillars. For the first time a graded microstructure of the white layer induced by
mechanical material removal in nickel-based superalloy has been revealed, while the y’ phase
evolution has also been captured in the nanocrystalline structure. The main conclusions can be stated

as follow:

1. A thin white layer induced by the severe plastic deformation during a machining process was
generated in an advanced nickel-based superalloy, with a thickness of ~3-4 um. The white layer is
composed of a dynamic recrystallisation layer of ~200 nm sized grains and a dynamic recovery

layer containing predominantly subgrains. Beneath the white layer there also exists a highly
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plastically deformed grain structure layer. A lower dislocation density was observed in the dynamic
recrystallisation layer compared with both the dynamic recovery layer and the deformed bulk
material layer, confirming the grain refinement process in the top surface layer. This leads to the
first finding of this work, which explains the grain structure within the white layer of nickel-based
superalloys under an aggressive machining condition.

. The white layer showed a dominating micro-plasticity, but low elasticity in the loading-unloading
cyclic compression test of micro-pillars, which for the first time reveals the elastoplastic behaviour
of this thin layer. This is significantly different from the observation obtained in the bulk layer
material and explains the softening behaviour of the aero-engine components displaying a
superficial white layer.

. An evolution of dislocation tangles and dislocation walls into dislocation cells, subgrains and
subsequent refined grains was observed in the superficial layer under the different depths below the
machined surface, explaining the occurrence of grain elongation, dynamic recovery and dynamic
recrystallisation in the machining process of nickel-based superalloys. Meanwhile, the v’
precipitates in the superficial layer were subjected to shear cutting, distortion and dissolution
activities when close to the machined surface. These evolutions of y’ assist the dislocation activities
occurring inside the grains. The re-precipitation of dissolved y’ phase in the grain refinement layer
is suppressed and minimized by the ultra-high cooling rate.

. Based on the microstructural observations, a grain refinement mechanism induced by machining
under high strain rates and temperatures was identified for this nickel-based superalloy, explaining
the evolution of both the phases and grain structures. Experimental evidence and analysis of grain
refinement mechanisms indicates the deterioration of the white layer with regard to the plasticity

and mechanical strength in nickel-based superalloy.
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