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ABSTRACT

During hard turning, tempered martensitic AISI 52100 bearing steel experiences intense thermo-mechanical
interactions. These interactions results in the formation of white layers (WLs), characterized by nanocrystal-
line grains, on the machined surface. The specific cutting conditions, such as feed rate, cutting speed, and tool
wear, influence the formation of either mechanically induced (M-WL) or thermally induced white layer (T-WL).
The formation of T-WL is primarily driven by continuous dynamic recrystallization associated with the phase
transformation mechanisms. However, the underlying grain refinement mechanism for the M-WL resulting in
nanocrystalline grains is not fully understood. Nanoscale analysis involving scanning transmission electron
microscopy in scanning electron microscopy (STEM-in-SEM) and transmission Kikuchi diffraction (TKD) was
used to characterize the microstructural gradients and orientation relationships. In addition, pattern matching
analysis combined with TKD has been successfully employed to investigate the evolution of severely deformed
nanocrystalline grains. The results reveal that the formation of a M-WL is characterized by nanocrystalline grains
on the machined surface, followed by elongated lamellar grains in the underlying material drag region. The
presence of these lamellar grains strongly supports the grain subdivision as an initiation mechanism, driven by
predominantly severe plastic deformation. The grain subdivision is characterized by the formation of high-angle
geometrically necessary boundaries (GNBs) and low-angle incidental dislocation boundaries (IDBs). Further-
more, we attribute the formation of nanocrystalline grains to mechanically assisted triple junction motion, a
known dynamic recovery mechanism. These new findings provide crucial insights into understanding the
gradient nature of the microstructural evolution of M-WL.

1. Introduction

dynamic recovery below the austenitization temperature, and the ther-
mally induced WL (T-WL) driven by dynamic recrystallization above the

Hard turning is commonly employed in the finishing process for AISI
52100 tempered martensitic steel to meet the surface integrity re-
quirements and enhance manufacturing flexibility [1-3]. The severe
thermo-mechanical interactions between the cutting tool and workpiece
material during hard turning often lead to the formation of a thin white
layer (WL) on the machined surface [4]. White layers (WLs) are
microstructural alterations that appear featureless and white under light
optical microscopy due to their nanocrystalline grains [5,6]. Based on
the investigation of hard turned AISI 52100 steel, Hosseini et al. [7]
identified two distinct WL formation mechanisms, dependent on cutting
conditions, i.e., the mechanically induced WL (M-WL) governed by
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austenitization temperatures. Transmission electron microscopy (TEM)
studies have shown that both the M-WL and T-WL consist of nano-
crystalline grains ranging from <10 nm to ~200 nm [4,5,7]. However,
subsurface alterations differ significantly between the two types of WLs.
The T-WL is typically accompanied by the formation of a dark layer
beneath the surface, attributed to high thermal influence. The T-WL
exhibits increased surface hardness due to grain refinement and is
associated with surface tensile residual stresses, whereas the underlying
dark layer results in reduced hardness compared to the bulk material
[8]. Several studies have concluded that T-WLs are primarily formed
through dynamic recrystallization and phase transformation
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mechanisms, driven by large plastic strains combined with significant
thermal input from elevated cutting temperatures [6,9,10]. In contrast,
the M-WL demonstrates more favourable characteristics, including sur-
face compressive residual stresses, enhanced surface hardness, and the
absence of a softened heat-affected dark layer beneath the machined
surface [3,8,11]. These characteristics make the M-WL a promising
process-induced nanocrystalline surface for demanding engineering
applications.

The grain refinement observed in M-WL is primarily attributed to
dynamic recovery processes activated by severe plastic deformation
(SPD) [5,7,12]. As reported by Zhang et al. [12], during dynamic re-
covery, martensitic laths undergo reorientation and elongation along
the shear direction, while dislocations begin to organize into subgrains
structures via the formation of cell boundaries. It has been suggested
that grain boundary mobility plays a critical role in determining the
minimum achievable grain size during SPD processes such as high-
pressure torsion, where larger grains progressively break down
through the formation of low-angle grain boundaries (LAGBs) [13].
Interestingly, Yu et al. [14,15] observed a structural evolution
comprising lamellar grains and suggested mechanically assisted triple
junction motion as a dynamic recovery mechanism facilitating grain
refinement in cold-rolled aluminium at high strains. Comparable be-
haviours have also been reported in severely deformed tantalum at
elevated temperatures and in extremely cold-rolled copper [16,17].
These findings provide valuable insights and the motivation to investi-
gate the microstructural evolution of M-WLs formed under extreme
conditions, such as hard turning, where the underlying mechanisms of
grain refinement resulting in nanocrystalline grains are still not fully
understood.

Understanding the formation mechanisms of M-WLs requires
detailed post-mortem microstructural analysis. However, this is often
constrained by challenges related to specimen preparation and the
advanced microscopy techniques needed to resolve highly strained
nanocrystalline grains. While transmission electron microscopy (TEM)
has been widely used for nanostructure characterization [7], accurately
quantifying grain size and grain boundary misorientations over large-
area from bright or dark field TEM images remains difficult. Electron
backscatter diffraction (EBSD), a commonly employed orientation
mapping technique, is effective for materials with grain sizes in the
micron range [18], but its spatial resolution, typically limited to ~20
nm, limits its usefulness for nanoscale analysis. Transmission Kikuchi
Diffraction (TKD) offers a significant enhancement in spatial resolution,
utilizing a thin foil geometry where the diffraction pattern forms at the
bottom surface of the sample, resulting in a smaller interaction volume
and spatial resolution as fine as 2 nm [19]. However, even with TKD
analysis, the indexing of heavily deformed steels with nanocrystalline
grains (WLs) remains a challenge due to factors such as sample thickness
and curtaining effects introduced during focused ion beam (FIB) sample
preparation [20-22]. Moreover, the high dislocation density in severely
deformed regions often causes blurred or overlapping diffraction pat-
terns, which significantly degrades TKD band contrast quality and re-
sults in low indexing rates [23]. To overcome this issue, pattern
matching indexing is developed complementary to Hough-based
indexing, which compares the experimentally stored Kikuchi patterns
with the dynamically simulated patterns, offering benefits by improving
the poorly indexed patterns using the image correlation method
[24-26]. The integration of the TKD technique with pattern matching
indexing has been shown to enhance the accuracy and precision of
crystallographic orientation, as demonstrated in the studies of dental
enamel [27].

The primary objective of this study is to investigate the microstruc-
tural evolution of M-WL in AISI 52100 hardened steel, from the
machined surface down to the unaffected region, to understand the
gradient nature of the microstructure. This is systematically compared
with the well-established T-WL formed through dynamic recrystalliza-
tion. TKD pattern matching is employed to provide insights into the
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formation of nanocrystalline grains within WLs and to demonstrate its
applicability in characterizing highly strained tempered martensitic
microstructures.

2. Materials and methods
2.1. Material and hard turning process

The material investigated in this study was AISI 52100 steel, a
high-carbon, chromium-containing alloy. Its nominal chemical compo-
sition, in weight percent (wt%), is 0.95% C, 1.42% Cr, 0.32% Mn, 0.26%
Si, 0.001% S, and 0.009% P. To achieve the desired final microstructure
of tempered martensite, standard through-hardening heat treatments
were applied to the as-received spheroidize-annealed samples. This
involved austenitizing the material at 840 °C, followed by oil quenching,
and then tempering at 240 °C until the retained austenite (RA) content
was less than 2%. The longitudinal hard turning tests were carried out
on a MONFORTS RNC 500 SingleTurn high-precision machine. The
cutting tools used were TiAlBN-coated polycrystalline cubic boron
nitride (PCBN) inserts, specifically BNC 2125 (DNGA 1506 S01035),
featuring a 2 mm nose radius and a 35° tool chamfer angle. All
machining operations were conducted using cutting fluids. For consis-
tency across all tests, the depth of cut was set at 0.2 mm, and the coolant
pressure was maintained at 150 bar. From prior experimental findings
[3,11,28], we conducted four tests using both fresh inserts and worn
inserts with a tool flank wear (VB) of ~0.2 mm (Table 1). We specifically
chose the process parameters to create distinct types of white layers, i.e.:
M-WLs and T-WLs.

2.2. Sample preparation

To study the white layers on the hard turned surface using light
optical microscope (LOM) and scanning electron microscope (SEM), the
samples were cut from the hard turned specimens, and standard
metallography protocols were performed including mounting, grinding,
and polishing using diamond suspension (9, 3, and 1 pm). The final
polished samples were etched with 2% Nital. Additionally, to study the
orientation of the bulk material using EBSD analysis, the sample was
polished using 0.05 pm colloidal silica for 4 min after the 1 pm diamond
suspension step. For the scanning transmission electron microscope in
scanning electron microscope (STEM-in-SEM) imaging and TKD anal-
ysis, a thin lamella was prepared using a site-specific focused ion beam
(FIB) lift-out technique in the dual-beam FEI Versa 3D equipment as
shown in Fig. 1. To protect the machined surface, a platinum (Pt) layer
was deposited using electron beam (at 2 kV, 4 nA) followed by the ion
beam Pt deposition (at 30 kV, 100 pA) (Fig. 1b). The FIB milling was
performed at 30 kV with decreasing currents ranging from 15 nA to 50
PA to reduce the beam damage on the sample. After the undercut
sectioning (Fig. 1d), the lamella was then lifted out using a microma-
nipulator and welded to a copper (Cu) half grid using ion beam depos-
ited Pt to perform thinning of the lamella (Fig. 1e). The final polishing
steps were performed at 5 kV, 48 pA and 2 kV, 27 pA to achieve electron
transparency and to minimize the FIB induced amorphous layer (Fig. 1f).
The thickness of the lamella was varying between 80 and 100 nm. The
thickness is an important consideration for TKD, with a significant
impact on both pattern quality and spatial resolution.

Table 1

Hard turning process parameters used in this study.
Inserts Cutting speed (V) Feed rate (f)
Fresh, worn (~ 0.2 mm) 60 m/min 0,05 mm/rev
Fresh, worn (~ 0.2 mm) 110 m/min 0,2 mm/rev
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Fig. 1. Sample preparation using FIB technique for STEM-in-SEM and TKD analysis. (a) Overview of the selected area of interest (AOI) on the hard turned surface. (b)
Pt deposited on the AOI parallel to the feed direction. (c¢) Milling performed surrounding the AOI for the lift-out. (d) White layer (WL) exhibiting a refined
microstructure observed beneath the Pt deposition. (e) Extraction of the lamella using a micromanipulator and subsequent welding of the lamella to a Cu half-grid. (f)

Final electron-transparent lamella obtained after thinning and polishing.

2.3. Microscopy analysis

To examine the microstructural features of the white layers, samples
were prepared via mechanical polishing and subsequent Nital etching.
The mounted, polished and etched cross-section samples were investi-
gated using a Zeiss Axioscope 7 LOM. Further, the prepared samples
were then investigated using a Zeiss Gemini 450 SEM equipped with a
field emission gun (FEG). Secondary electron (SE) imaging was per-
formed at an accelerating voltage of 3 kV, a current of 500 pA, and a
working distance ranging from 5 to 6 mm. EBSD data on the bulk ma-
terial was acquired using the same Zeiss Gemini 450 SEM, which was
equipped with an Oxford Symmetry detector. The acquisition was per-
formed at an accelerating voltage of 20 kV, probe current of 12 nA, and
1000x magnification with a step size of 150 nm. AztecCrystal 3.3 was
used to process and visualize the acquired EBSD maps, with a single
iteration of the AutoClean function applied for data cleaning. To gain a
deeper understanding of the nanocrystalline structure within the white
layers, the thin lamellae prepared using the focused ion beam (FIB)
technique were subsequently analysed using the annular STEM (aSTEM)
detector built into the Zeiss Gemini 450 SEM (STEM-in-SEM). The
STEM-in-SEM bright field (BF) imaging was performed at a probe cur-
rent of 500 pA, an accelerating voltage of 30 kV, and a working distance
between 3.8 mm and 4 mm (See Fig. 2.). Prior to the analysis, all samples

(both mechanically polished and FIB lamellae) underwent a 5-min
plasma cleaning (Evactron) at 50 W power within the SEM chamber to
remove hydrocarbon contamination.

2.4. TKD and pattern matching analysis

The off-axis TKD acquisition was performed on the thinnest sections
of the lamella using the Zeiss Gemini 450 SEM equipped with an Oxford
Symmetry detector. Data was acquired using an accelerating voltage of
30 kV, a beam current of 5 nA, and step sizes of 5 nm and 10 nm. For
optimal signal acquisition, the sample was placed in a 20° pre-tilted
holder, and the SEM stage was further tilted to —20°, which aligned
the sample horizontally within the chamber. The sample was placed
above the EBSD detector phosphor screen with a working distance of
4-5 mm. Data acquisition was carried out using the Aztec 6.2 software
(Oxford Instruments Nanoanalysis). To prevent the beam/sample drift, a
common challenge during high-resolution acquisition (step sizes of 5 nm
or less), drift correction was applied. Additionally, shadow correction
was used to remove the shadowing effect caused by thicker outer sec-
tions of the lamella on the TKD patterns. The EBSD detector was
configured to “Speed 2” mode with a gain 2 setting for pattern acqui-
sition. Each TKD pattern was analysed using a standard Hough-
transform approach to detect Kikuchi bands, and all measurement

Nanocrystalline WL

%= (Fe,Cr),C

Fig. 2. STEM-in-SEM analysis. (a) In-chamber camera image showing the standard set-up. (b) BF image of the FIB-prepared sample showing the nanocrystalline WL

and a pm-sized nearly spherical (Fe,Cr)3;C cementite precipitate.
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patterns were stored for subsequent analysis.

The stored TKD patterns and data were exported to .h5oina format
and processed using Oxford Instruments AZtecCrystal 3.3 software's
“MapSweeper” pattern matching technique. This method compares
experimentally stored TKD patterns to a dynamically simulated pattern
database, generated from all possible crystal orientations [24,27]. The
normalized cross-correlation coefficient (R), ranging from 0 to 1,
quantifies the experimental and simulated pattern similarity and the
orientation with the highest R-value is chosen as the best index. Since
any two arbitrary images result in an R value >0, a minimum R
threshold is essential and to ensure reliability, a minimum R-threshold
of 0.25 was applied. From crystallography open database (.cif) files,
master pattern simulation files for BCC iron and Fe3C cementite pre-
cipitates were developed. Dynamic simulations were performed at 30 kV
beam energy (matching TKD acquisition conditions) with a minimum
intensity of 16% (39 reflectors), minimum lattice spacing of 0.6 A,
Debye-Waller factor of 0.5, 1001 x 1001 pixel size, and a relative filter
radius of 5%. A 2D Gaussian window function was applied to both
simulated pattern templates and experimental TKD patterns to minimize
shadowing effects, a common issue in the off-axis TKD. The pattern
center and detector distance were optimized by calibrating the projec-
tion parameters at 9 points that were previously indexed via Hough
transform. The optimized values were subsequently applied across the
full TKD pattern matching dataset. The analysis employed three modes:
indexing, refinement, and repair. The indexing mode reindexed previ-
ously unassigned (zero-solution) pixels using dynamic template match-
ing, with a 2° orientation spacing and 78 x 64 pixels (2 x 2 binning)
resolution. In refinement mode, the stored TKD patterns are binned to a
similar pixel resolution of 78 x 64 pixel (2 x 2 binning). The repair
mode replaced zero solutions if band contrast exceeded 10 and vali-
dated/replaced small clusters of less than 5 pixels based on neighbour-
ing measurements. Orientation measurements were accepted only if R >
0.25, ensuring that unreliable indexing resulted in zero solutions rather
than interpolated data. Finally, the reindexed TKD pattern matching
maps were processed and plotted using AztecCrystal 3.3, with data
cleaned via a single AutoClean iteration. Fig. 3 illustrates the effec-
tiveness of a pattern matching technique in enhancing the indexing rate
of deformed nanocrystalline grains, with an improvement from 18% to
71%. The black region corresponds to zero solutions.

I TKD pa
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3. Results
3.1. Initial microstructure

Fig. 4a shows a secondary electron image (SE-SEM) of the initial
microstructure of AISI 52100 steel, taken after etching with 2% Nital.
This image clearly reveals a tempered martensitic microstructure. The
microstructure primarily consists of nano-sized tempered cementite
dispersed within lath or plate martensite, accompanied by pm-sized
nearly spherical (Fe, Cr)sC cementite precipitates and less than 2%
retained austenite (RA) content. The final hardness of the tempered
microstructure ranges from 58 to 60 HRC. The EBSD inverse pole figure
(IPF) orientation map along the x-axis, shown in Fig. 4b, indicates a
random crystallographic orientation distribution. The weighted-average
grain size of martensite blocks with >10° high-angle grain boundaries
(HAGBs) is measured to be approximately 1.9 + 0.6 pm. The recon-
structed prior austenite grain size (PAGS), as measured from EBSD data
in Fig. 4c, has an average value of 10.1 + 2.3 pm. Quantitative EBSD
analysis further indicates that the volume fraction of pm-sized (Fe, Cr)sC
cementite precipitates is approximately 3.6%. These precipitates exhibit
an average size of 0.8 + 0.2 pm and an average aspect ratio of 1.5 + 0.4,
confirming their near-spherical morphology.

3.2. Nanocrystalline white layers

The cross-sectional LOM images of samples generated after hard
turning, where either mechanically or thermally induced white layers
were formed along the feed direction are shown in Figs. 5a-d. One dis-
tinguishing feature between the M-WL and T-WL is the presence of a
dark layer observed beneath the T-WL using LOM. The SE-SEM images of
the machined surfaces, along the feed direction are shown in Figs. 5e-h.
At a cutting speed (Vc) of 60 m/min and a feed rate (f) of 0.05 mm/rev,
machining with a fresh insert resulted in a thinner M-WL (F), as shown in
Fig. 5a,e, compared to machining with a worn insert under the same
conditions, which resulted in a thicker M-WL (W) (Fig. 5b,f). When the
cutting parameters were increased to Vc: 110 m/min and f: 0.2 mm/rev,
the fresh insert generated a discontinuous T-WL (F) (Fig. 5¢,g), while the
worn insert resulted in a more pronounced T-WL (W) (Fig. 5d,h). The
microstructural change within this dark layer is clearly visible and
thicker when machining with a worn insert (Fig. 5d,h) as compared to
when using a fresh insert (Fig. 5c,g). This dark layer indicates a signif-
icant temperature gradient from the machined surface into the bulk

Cutting
direction

Feed direction

N2 Jo yyda

Re-indexed zero
solutions using
pattem matching

d

Fig. 3. Example of TKD pattern matching analysis. (a) STEM-in-SEM BF image of the electron transparent lamella with red box representing the selected nano-
crystalline region for TKD. (b) The TKD band contrast image of the nanocrystalline grains at the machined surface. (c) Inverse pole figure (IPF) orientation map
overlaid on band contrast image, obtained using Hough transform indexing with a hit rate of 18%. (d) Comparing the normalized cross-correlation coefficient (R)
between experimentally stored pattern and the dynamically simulated pattern. (e) IPF orientation map generated using the pattern matching technique with an
indexing rate of 71%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Initial microstructure of the AISI 52100 tempered martensitic steel. (a) SE-SEM image consisting of nano-sized tempered cementite and near-spherical (Fe,
Cr)sC cementite precipitates. (b) EBSD inverse pole figure (IPF) orientation map. (c) Reconstructed prior austenite grains.

Cutting
direction

Feed direction

Fig. 5. (a-d) LOM (e-h) SE-SEM and (i-1) STEM-in-SEM BF images from the surface to the bulk. (¢) M-WL (F) region containing deformed pm-sized (Fe, Cr)sC
cementite precipitates, highlighted with dotted yellow lines. (f) M-WL (W) region. (g) T-WL (F) region with dark layer underneath. (h) T-WL (W) and dark layer
region with increased thickness. (i) Nanocrystalline grains observed in the M-WL (F) region, accompanied by thin lamellar grains in the material drag zone. (j)
Nanocrystalline grains observed in the M-WL (W) region with the lamellar grains in the material drag region exhibiting geometrically necessary boundaries (GNBs)
highlighted in yellow dotted line and incidental dislocation boundaries (IDBs) displayed in blue lines, indicative of a grain subdivision mechanism. Plastic flow of the
lamellar grains were indicated by the orange dotted line above the (Fe, Cr)sC cementite. (k,I) T-WL (F) and (W) regions exhibiting nanocrystalline grains.

material. In contrast, the absence of a dark layer beneath the M-WLs
suggests a dominant mechanical effect with minimal thermal influence.
Under both the cutting conditions, the thickness of the affected white
layer region on the machined surface increased when using a worn insert
(Fig. 5f,h) compared to using fresh inserts (Fig. 5e,g). Specifically, with
fresh inserts, the M-WL/T-WL thickness was ~1 pm, whereas worn in-
serts led to thicknesses ranging from 1.5 to 3 pm. These findings confirm
that hard turning induces microstructural changes within the surface
layer, leading to the formation of white layers due to the thermo-

mechanical interaction between the cutting tool and the workpiece.
The extent of this interaction dictates whether a M-WL (dominated by
mechanical effects, no dark layer) or a T-WL (dominated by thermal
effects, with a dark layer) is formed. Both M-WLs and T-WLs exhibit a
distinct morphology compared to the unaffected bulk microstructure,
primarily due to the grain refinement. Fig. Se,f illustrates that the M-WL
microstructure is characterized by fragmented, elongated grains aligned
in the feed direction, indicating significant plastic deformation. Addi-
tionally, the pm-sized (Fe, Cr)3C cementite particles located closer to the
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machined surface (as shown in Fig. Se, marked by yellow dotted lines)
show evidence of plastic deformation and fragmentation, resulting in an
increased aspect ratio. In contrast, in the T-WLs (Fig. 5 g,h), plastic
deformation of the pm-sized (Fe, Cr)sC particles is not clearly observed.
However, based solely on LOM and SE-SEM observations, a definitive
distinction between the M-WL and T-WL microstructures remains un-
clear, highlighting the need for further detailed analysis.

To investigate the microstructural features in more detail, STEM-in-
SEM BF imaging is performed on electron-transparent lamellae prepared
via FIB lift-out, as shown in Figs. 5i-1. These images clearly reveal a
microstructural gradient from the machined surface into the bulk ma-
terial across all cutting conditions. Focusing on M-WLs, with a fresh
insert (Fig. 5i), elongated nanocrystalline grains are evident closest to
the surface. Beneath this region, the material drag region featured
elongated, thin lamellar-structured grains aligned with the feed direc-
tion, a feature not clearly resolved by SEM-SE imaging. Below the ma-
terial drag region, the unaffected tempered martensitic structure is
observed. When a worn insert is used (Fig. 5j), the M-WL (W) exhibited
an increased thickness of nanocrystalline grains. Furthermore, the ma-
terial drag region beneath it displayed lamellar grains with a thickness
of 30-50 nm. This suggests that the intensity of plastic deformation
decreases with depth and a transition from nanocrystalline to elongated
lamellar grains occurs. As shown in Fig. 5j, these lamellar grains within
the material drag region exhibit geometrically necessary boundaries
(GNBs) highlighted in yellow dashed line and incidental dislocation
boundaries (IDBs) displayed in blue lines, indicative of a grain subdi-
vision mechanism. Additionally, these lamellar grains in the material
drag region showed evidence of plastic flow around the pm-sized (Fe,
Cr)sC cementite precipitate as illustrated with the orange dotted line in
Fig. 5j. In contrast, T-WLs (Fig. 5 k,1) show a different microstructural
gradient. While nanocrystalline grains are present at the machined
surface, no lamellar grains are observed at increasing depths, suggesting
the absence of severe plastic deformation. Moreover, within the dark
layer of the T-WL (W) as seen in Fig. 5 1, neither the lath martensite nor
the microstructure surrounding the pm-sized (Fe, Cr)sC cementite pre-
cipitates showed significant signs of plastic deformation, further
differentiating the formation mechanisms of T-WLs from M-WLs.

3.3. TKD pattern matching on white layers

To enable a more quantitative assessment of white layers beyond the
resolution limits of STEM-in-SEM BF imaging, TKD analysis is conducted
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with a step size of 10 nm from the machined surface to a depth of
approximately 4 pm, as shown in Fig. 6a-d. The AztecCrystal MapS-
weeper pattern matching technique is applied to all four samples to
enhance the accuracy from Hough-based indexing. For all the analyses,
an inverse pole figure (IPF) map parallel to the cutting direction (Vc) was
overlaid on the band contrast image, with a HAGB misorientation
threshold of >10°. In the IPF maps, dark regions represent unindexed
areas (zero solutions) with low-quality band contrast, where the pattern
matching technique could not reliably resolve the stored Kikuchi pat-
terns during image correlation. Across all four IPF orientation maps, it is
evident that the machined surface exhibits significant grain refinement
with a nanocrystalline grain structure compared to the bulk material,
consistent with our STEM-in-SEM observations. For the M-WL (F) sam-
ple machined with Vc: 60 m/min and f: 0.05 mm/rev using a fresh insert,
a distinct change in crystallographic grain orientation is observed near
the machined surface as shown in Fig. 6a with black arrows, indicating a
deviation from the (101) orientation of the block/packet grain. When
machined with similar cutting parameters but using a worn insert
(Fig. 6b), the TKD analysis confirms the material drag behaviour
beneath the nanocrystalline M-WL, as highlighted within the black
rectangular box. This region consists of a heavily deformed martensitic
structure aligned parallel to the feed direction. Furthermore, the mate-
rial drag region, which STEM-in-SEM BF imaging (Fig. 5j) revealed to
comprise lamellar grains with GNBs and IDBs, is now visible through
TKD pattern matching in the black box of Fig. 6b. In contrast, when
machining with higher cutting parameters (Vc: 110 m/min, f: 0.2 mm/
rev), the IPF orientation maps of the T-WLs show no presence of lamellar
grains, corresponding to the STEM-in-SEM BF imaging observations.
This strongly suggests a higher thermal effect dominating over me-
chanical effects closer to the machined surface in these conditions.
Moreover, both STEM-in-SEM and TKD analyses reveal no evidence of
grain refinement or grain subdivision within the dark layer region.

To further study the microstructural features, higher magnification
TKD analysis with a step size of 5 nm, combined with advanced pattern
matching was performed on the nanocrystalline white layer regions for
both the M-WL (W) and T-WL (W) cutting conditions, as presented in
Fig. 7a,b, respectively. As previously observed in Fig. 6b,d compared to
Fig. 6a,c, the use of worn inserts significantly increased the thickness of
the affected region, providing a robust basis for further investigation
into grain size and morphology in these specific white layers. Grain
boundaries with misorientation angles between 2° and 10° are classified
as low-angle grain boundaries (LAGBs), while those exceeding 10° are

Cutting
direction

001

Fig. 6. The IPF orientation maps parallel to the cutting direction from the machined surface to a depth of ~4 pm. (a) M-WL (F) region. (b) Material drag in the M-WL

(W) region, highlighted by a black rectangular box.
(c) T-WL (F) region, and (d) T-WL (W) region.
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Fig. 7. IPF orientation maps of nanocrystalline white layers. (a) M-WL (W) and (b) T-WL (W).

considered HAGBs indicated by black lines. In the M-WL (W) sample
shown in Fig. 7a, the nanocrystalline grains exhibited a distinct rect-
angular morphology with an average aspect ratio of 2.9 + 1.1 and an
area-weighted mean equivalent circle diameter of 58 + 18 nm. The
combination of a higher aspect ratio and nanocrystalline grains strongly
indicates the occurrence of grain elongation and fragmentation resulting
from the intense plastic strain experienced at the machined surface. In
contrast, the nanocrystalline grains within the T-WL (W) sample have an
aspect ratio of 1.7 + 0.5 and an area-weighted mean grain size of 58 +
20 nm. While the average grain size is similar to that observed in M-WL
(W), the distinct difference in grain morphology suggests that these
white layers form through fundamentally different mechanisms.

4. Discussions

In hard turning, material removal is primarily driven by the shearing
action of a single-point, geometrically well-defined PCBN cutting tool.
The intense thermo-mechanical interactions occurring at the tertiary
cutting zone strongly influenced by parameters such as cutting speed,
feed rate, and tool geometry (including chamfer angle, edge radius, nose
radius, and flank wear) play a critical role in altering the surface
integrity of the machined workpiece. These interactions, combined with
the material's thermal properties (e.g., thermal conductivity and specific
heat capacity), result in localized variations in strain, strain rate, shear
angle, and temperature, all of which contribute to microstructural
evolution at the surface [29-32]. The results clearly reveal that varia-
tions in cutting parameters lead to distinct formation mechanisms for M-
WL and T-WL in AISI 52100 tempered martensitic steel. This section
focuses on the M-WL evolution, plastically deformed pm-sized (Fe, Cr)sC
cementite precipitates and compares their development with that of T-
WL. This study describes an attempt to characterize the highly deformed
nanocrystalline grains generated by hard turning in high-carbon
tempered martensitic steel (AISI 52100), using advanced TKD pattern
matching technique for the first time.

The M-WL was observed after hard turning at a low cutting speed
(Vc) of 60 m/min and a low feed rate (f) of 0.05 mm/rev (Fig. 5e,i).
Additionally, a tool flank wear of ~0.2 mm contributed to an increased
thickness of this altered region (Fig. 5f,j). As shown in Fig. 7a, the M-WL
exhibits fragmented, rectangular nanocrystalline grains. Beneath this
layer, a distinct material drag region is present, characterized by elon-
gated lamellar grains surrounded by geometrically necessary boundaries
(GNBs) and divided by incidental dislocation boundaries (IDBs), as seen
in Fig. 5i,j and highlighted in Fig. 6b (black box). These types of lamellar
grains are typically found in severe plastic deformation processes like
surface mechanical rolling treatment [33], cold rolling [34], accumu-
lative roll bonding [35], and in high strain rate adiabatic shear bands
[9,10]. As reported in previous work [11], this gradient microstructure
comprising nanocrystalline grains at the machined surface that are
transitioning to elongated lamellar grains in the subsurface resulted in a

substantial hardness increase of ~26% and ~ 7% compared to the bulk
material. These observations indicate the significant role of shear-
induced mechanisms in promoting the fragmentation of elongated
lamellar grains and subsequent structural refinement near the machined
surface, driven by increased plastic deformation. During hard turning of
AISI 52100 steel, the process induces extreme conditions, with shear
strains ranging from 1 to 10, strain rates between 10* and 10° s~* and
cutting zone temperatures reaching up to 1200 °C [36-38]. Addition-
ally, surface cooling rates can be as high as 10*-10° °C/s [39]. According
to Hosseini et al. [39], hard turning of AISI 52100 steel at a Vc of 30 m/
min and f of 0.08 mm/rev generated cutting temperatures of ~510 °C
with a fresh insert and ~ 540 °C with a worn insert (VB ~0.2 mm). While
cutting temperatures were not directly measured in this study, similar or
slightly higher values are expected for the tested condition (Vc = 60 m/
min, f = 0.05 mm/rev). These temperatures remain below the austeni-
tization threshold (~750 °C) and the dynamic recrystallization tem-
perature (~712 °C, or ~ 0.5 Tm) [10]. At temperatures below the
dynamic recrystallization threshold, severe plastic deformation pro-
motes dynamic recovery, which serves as the primary mechanism for the
formation of nanocrystalline grains in M-WLs. This phenomenon has
been supported by few studies [5-7,12]. From the metal cutting
perspective, at a low feed rate of 0.05 mm/rev, the uncut chip thickness
becomes much smaller than the tool tip radius, resulting in a highly
negative effective rake angle. This tool geometry subjects the material
ahead of the cutting edge to generate intense compressive stresses [40].
Furthermore, the low Vc of 60 m/min leads to higher cutting forces as
there is less of a thermal softening effect in shearing the material. As a
result, a larger volume of material undergoes extensive plastic defor-
mation before forming a thin chip [40]. In this study, the use of a 35°
chamfered angle results in a more negative effective rake angle, which
alters the shear angle and contributes to a larger stagnation zone ahead
of the cutting edge. This potentially increases the volume of deformed
material that flows into the machined surface [41]. Furthermore, as
reported in our previous work on residual stress measurements under
similar cutting parameters [11], the M-WL (F) condition exhibited a
surface compressive residual stress of —771 MPa, whereas the M-WL (W)
condition exhibited a significantly higher compressive residual stress of
—1351 MPa along the feed direction. As discussed above, these observed
surface compressive residual stresses are primarily attributed to the
predominance of severe plastic deformation. Similar findings were re-
ported by Dahlman et al. [2], who demonstrated that a more negative
rake angle increases the extent of plastic deformation in the workpiece.
These combined effects of tool geometry and cutting parameters led to
the formation of the M-WL.

From the microstructural perspective, the prior austenite grain is
transformed into a hierarchical martensitic microstructure comprising
packets, blocks, and laths [34,42]. EBSD analysis of the initial state
(Fig. 4b) reveals a fine-grained structure with a block size of 1.9 + 0.6
pm, represented by HAGBs with >10° misorientation. Furthermore, as
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shown in the bulk region of Fig. 5i, the tempered martensite lath width is
~300-400 nm and contain rod-like tempered cementite within them.
During hard turning, these laths undergo extensive subdivision into
subgrains and realignment along the shear direction due to intense
plastic deformation as shown in Fig. 8a with black dashed lines. As the
material approaches the machined surface, within what we termed the
material drag region, the combined effects of increasing strain, strain
rate, and temperature lead to the formation of elongated structures.
These are the lamellar grains, enriched with both geometrically neces-
sary boundaries (GNBs) and incidental dislocation boundaries (IDBs),
clearly visible in the STEM-in-SEM BF image in Fig. 9a. Hansen and Mehl
[43], along with Hughes et al. [44,45] extensively studied the micro-
structure evolution in the deformed metals and named the formation
process as the grain subdivision mechanism. GNBs develop between
regions exhibiting different strain patterns to accommodate variations in
lattice rotation. Such differences in strain patterns may arise from
changes in the active slip systems, variations in the partitioning of slip
activity within the same slip systems, or differences in the local strain
level. These local variations promote, on average, compatible defor-
mation involving fewer slip systems and reduced dislocation in-
teractions, thereby lowering the stored energy. IDBs, on the other hand,
form through the trapping of gliding dislocations. Multiple IDBs are
typically developed within each lamellar grain divided by GNBs and
tend to adopt low energy configurations [43-45]. Huang et al. [46]
previously demonstrated that cold rolling can transform lath martensite
into cell-block structures characterized by GNBs and IDBs. A similar
process is observed in the material drag region, where the lath
martensite undergoes subdivision into several GNBs and IDBs by pro-
gressively replacing the original lath boundaries. This reflects the pro-
gressive accommodation of strain under severe plastic deformation and
is believed to represent the initial stage in M-WL formation. The
observed average lamellar grain size of ~30-50 nm in the M-WL reflects
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the concept of grain saturation, typical of severe plastic deformation.
Thermodynamically, further refinement beyond this size is hindered by
the increasing grain boundary energy that counteracts the energy
reduction associated with dislocation annihilation and establish a stable
grain size limit under our processing conditions [47]. However, we note
the presence of isolated, extremely fine grains of ~10 nm in localized
regions (Fig. 9c), for which we currently do not have a definitive
explanation. Similar observations were also reported by Huang et al.
[46] of continued refinement without a clear saturation limit. The
quantitative TKD pattern matching analysis offered new insights into the
grain refinement mechanisms within M-WL. As depicted in Fig. 8b,
misorientation analysis was performed on a representative lamellar
grain. As shown in Fig. 8c, the point-to-point misorientation (black line)
across this lamellar grain revealed subgrain structures with IDBs, char-
acterized by LAGBs. While the point-to-origin misorientation (red line)
showed a cumulative misorientation reaching approximately 13°. The
dark lines surrounding the lamellar grain in Fig. 8b represent the GNBs,
characterized by HAGBs. Typically, GNBs exhibit either low or high
misorientation angles. However, under increasing strain and strain rate,
GNBs typically evolve from low to predominantly high angle misorien-
tation, while IDBs continue to exhibit low misorientation angle. As re-
ported by Hansen and Mehl [43], the misorientation angle of both GNBs
and IDBs follows a power-law relationship with strain. At medium to
high strain levels, GNBs commonly develop into HAGBs (>10°), whereas
IDBs exhibit LAGBs which is consistent with the observations in our
study.

As strain and strain gradients intensify near the machined surface,
grain subdivision progresses, increasing LAGB misorientations within
IDBs and ultimately leading to the formation of distinct, rectangular
nanocrystalline grains (Fig. 9b). This fragmentation is primarily driven
by dynamic recovery, which facilitates the transformation of LAGBs into
new HAGBsS, resulting in nanocrystalline grains with HAGBs, as seen in
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Fig. 8. Revealing grain subdivision mechanism using TKD pattern matching. (a) The influence of hard turning on the orientation of block/packet structure,
highlighted by black dashed lines. (b) Rectangular lamellar grain observed within the material drag region, exhibiting varying IPF orientations. (c) The misorien-
tation point-to-point and cumulative line profile analysis corresponding to the black arrow in (b) with the point-to-point analysis indicating the low angle IDBs in the

lamellar grain.



S. Kokkirala et al.

Materials Characterization 234 (2026) 116194

Fig. 9. Dynamic recovery assisted triple junction motion. (a) Lamellar grains in the material drag region of the M-WL, with geometrically necessary boundaries
(GNBs) shown in yellow and incidental dislocation boundaries (IDBs) in blue. (b) As strain increases closer to the machined surface, the lamellar grains evolve into
rectangular nanocrystalline grains in the M-WL region. (c) High-magnification image of the nanocrystalline grains in the M-WL region reveal H-type (yellow arrow)
and Y-type (red arrow) junctions. (d) TKD pattern matching reveals dynamic recovery assisted triple junction motion, indicated by black arrows. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7a. The formation of nanocrystalline grains in the M-WL is further
supported by the mechanically assisted triple junction motion, a known
dynamic recovery mechanism reported in severely deformed cold rolled
aluminium [14,15,48,49]. Yu et al. [15] categorized triple junctions
based on their morphology: Y junctions, which connect three lamellar
boundaries (GNBs); and H and r junctions, which involve IDBs. In the
present work, BF STEM-in-SEM imaging (Fig. 9c) reveals Y-junctions
(indicated by red arrows) and an H-junction (yellow arrow) in the M-WL
region. Multiple triple junctions are visible in this image, highlighting
their active role in the microstructural evolution of the M-WL region.
The lamellar grains formed through grain subdivision in the material
drag region undergo localized shear deformation and subsequently
break up due to triple junction migration [48]. This migration process
replaces two lamellar boundaries with one and eliminates associated
IDBs and dislocations in the displaced region, while preserving the
rectangular morphology of the nanocrystalline structure [15]. Conse-
quently, this behaviour reduces the stored strain energy in the deformed
material, characteristic of a dynamic recovery mechanism [14]. How-
ever, there is no current theory that can fully explain the extremely rapid
boundary migration during hard turning, which occurs within a few
hundred microseconds. TKD pattern matching (Fig. 9d) in combination
with STEM-in-SEM BF (Fig. 9c) further confirms that lamellar grain
fragmentation occurs through mechanically assisted triple junction
motion, with black arrows indicating the direction of this triple junction
motion. Triple junction motion is often linked to structural coarsening
during dynamic recovery under conventional conditions [47]. However,
pinning of triple junctions by solute atoms, dislocations, or other defects
plays a crucial role by immobilizing these junctions, thereby stabilizing
the grain boundary network and suppressing grain coarsening [50,51].
This pinning allows the fragmented nanocrystalline grains to persist
without coalescing unless a high driving force (e.g., high temperature,
time, or loss of pinning) is present, explaining their smaller or similar

size compared to the original lamellar structure observed in M-WL. Such
mechanisms highlight the interplay between triple junction dynamics
and strong pinning, which promotes structural stability of the refined
grains rather than coarsening in severe deformation regimes under
adiabatic conditions as observed in the current study.

As shown in Fig. 5j, the lamellar grains in the material drag region
exhibit plastic flow around (Fe, Cr)sC cementite particles due to severe
plastic deformation. A similar behaviour was reported by Qin et al. [52]
during high-pressure torsion at an equivalent strain of 9.3. In the M-WL
region, increasing strain and strain rate likely cause local stress con-
centrations at the matrix/cementite interface to exceed the shear
strength of the pm-sized (Fe, Cr)sC precipitates, leading to their defor-
mation and fragmentation (Figs. 5a and 9c). A similar observation was
reported by Zhang et al. [33] in their study of surface mechanical rolling
treatment (SMRT) on AISI 52100 martensitic steel. By analysing the
behaviour of the material drag zone, the M-WL microstructure, and the
deformation around pm-sized (Fe, Cr)sC cementite precipitates, our re-
sults indicate that the microstructure evolution in M-WLs during hard
turning at low cutting speed and feed rate is primarily initiated by the
grain subdivision process, followed by mechanically assisted triple
junction motion dynamic recovery mechanism resulting in the rectan-
gular nanocrystalline grains. This study presents the first direct TKD-
based evidence for confirming the proposed formation mechanism of
nanocrystalline M-WLs in tempered martensitic steel.

In contrast to the M-WL, the T-WL exhibit a distinct microstructural
evolution, primarily due to the higher cutting speed and feed rate. The
observed T-WLs feature nanocrystalline grains at the machined surface,
and by a characteristic dark layer beneath it, as evident in Figs. 5¢,d,f,
and g. A critical observation is that lamellar grains are absent within the
T-WL, suggesting that the grain subdivision mechanism, which is
prominent in M-WL formation, is not active here. Instead, the dark layer,
as revealed by the STEM-in-SEM BF image (Fig. 5 1), contains largely
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unaffected pm-sized (Fe, Cr)sC cementite precipitates and retains its
original lath structure. Furthermore, a comparison of the high magni-
fication TKD pattern matching IPF orientation maps shows that the
nanocrystalline grains in the T-WL (Fig. 7b) possess a lower aspect ratio
compared to the more fragmented, rectangular grains in M-WL (Fig. 7a).
These distinctions point towards a dominant thermal influence rather
than severe plastic deformation in the formation of T-WL. At the higher
feed rate of 0.2 mm/rev, the observed increase in cutting temperature is
directly attributable to the corresponding rise in chip thickness and
cutting forces. The intensified material removal rate generates sub-
stantial heat within the cutting zone, leading to elevated thermal loads
over a short processing time [1]. Due to this and as reported in our
previous work [11], the T-WL (F) and T-WL (W) conditions exhibited
lower surface compressive residual stresses compared to the M-WLs.
Notably, the T-WL (W) condition showed a tensile residual stress of 530
MPa along the cutting direction. Hosseini et al. [39], reported that at
110 m/min and 0.08 mm/rev, temperatures during T-WL formation in
AISI 52100 steel reached ~820 °C (fresh insert) and ~900 °C (worn
insert), exceeding both the austenitization (~750 °C) and dynamic
recrystallization (~712 °C) thresholds (~0.5 times the melting tem-
perature). Machining at cutting parameters of Vc: 110 m/min and f: 0.2
mm/rev occurs within just a few microseconds, during which the surface
temperature exceeds the phase transformation threshold. Under these
conditions, the formation of nanocrystalline grains results from the
continuous dynamic recrystallization (CDRX) mechanism. This process
involves the continuous increase of boundary misorientation through
the rotation of subgrains within the re-austenitized phase, followed by
rapid quenching resulting in nanocrystalline untempered martensite
[9,11,39]. Furthermore, the predominant temperature gradient effect
resulted in the formation of over-tempered martensite, observed as the
dark layer in Fig. 5d, which exhibited a hardness that is ~16% lower
than the bulk material [11]. Fig. 10 schematically illustration the above
mentioned M-WL microstructure evolution process in comparison to the
T-WL.

Furthermore, as reported by Barry and Byrne [5], the re-

Reorientation of lath martesnite
along the shear direction and
the development of GNBs and
IDBs within them

Lath martensite

Tempered cementite

Development of subgrain
dislocation boundaries (IDBs)
within the lath martensite near
the surface
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austenitization process involved in the formation of the T-WL leads to
an increased austenite content. However, in the present study, retained
austenite was not detected in the T-WL region. Simon [53] reported a
similar observation, finding no clear evidence of retained austenite
using EBSD in his study of white etching layers formed during deep hole
drilling. Despite the application of pattern matching, several TKD pat-
terns particularly in T-WL regions could not be reliably indexed. This
issue is primarily attributed to the increased thickness of the FIB lamella
due to curtaining effect, and highly strained deformed regions that
subsequently result in the reduction of TKD pattern quality. To ensure
the reliability of the results, a suitable minimum threshold for image
correlation (between experimental and simulated patterns) is crucial to
prevent incorrect solutions from being obtained for the poorest patterns
in the dataset. A higher normalized cross-correlation R threshold (e.g., R
= 0.25) would on the one hand, reduce the success rate for indexing, but
on the other hand, it would eliminate unreliable solutions. In contrast, a
lower R threshold (e.g., R = 0.1) would increase the indexing success
rate at the expense of data reliability. The chosen value of R = 0.25
provided an optimal balance between these two options. Further,
Table 2 summarizes the relationship between the cutting parameters,
the resulting WL type, and the measured WL thickness to clearly illus-
trate the process-structure correlation.

Table 2
Summary table providing the process-structure relationship.

Cutting Feed WL WL thickness DL thickness Temperatures

speed (V) rate (f) type (fresh/worn) (fresh/worn) [39]

60 m/min 0,05 M- ~1pm/3 NA ~510°C /
mm/ WL pm 540 °C
rev

110 m/ 0,2 T- ~lpm/3 ~1lum/ 4 ~820°C /

min mm/ WL pm pm 900 °C
rev
Formation of lamellar grains Nanocrystalline grains with
through grain subdivision, where  HAGBs formed through
HAGB GNBs and LAGB IDBs mechanically assisted triple
progressively replace the original  junction motion dynamic recovery
lath boundaries mechanism
—_—
T TN~——————
M-WL
—_—m — m——
— Y4unction
Quenching
—
T-WL
Dark layer
Near surface lath martensite Untempered martensite

transforms into austenite, nanocrystalline grains and over

followed by CDRX mechanism  tempered martensite dark layer
driven by progressive subgrain beneath
rotation

Fig. 10. Schematic illustration of the M-WL microstructure evolution initiated by the grain subdivision process, followed by mechanically assisted triple junction
motion dynamic recovery mechanism and T-WL driven by continuous dynamic recrystallization mechanism in association with reverse martensite transformation.
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5. Conclusions

To understand the complex microstructural evolution of the nano-
crystalline grains under hard turning conditions, we utilized advanced
techniques like SEM, STEM-in-SEM and TKD pattern matching analysis.
This study primarily aimed to investigate the microstructural evolution
of M-WLs in AISI 52100 tempered martensitic steel, from the machined
surface into the unaffected bulk, to understand its gradient nature. The
findings were systematically compared with the well-established T-WL
formed via dynamic recrystallization. The following conclusions are
drawn from this study:

e The M-WL features nanocrystalline grains at the surface, transition-
ing to elongated lamellar grains in the underlying material drag re-
gion. In contrast, the T-WL is characterized by nanocrystalline grains
followed by a dark, over-tempered layer. While both M-WL and T-WL
exhibit a similar mean average grain size of ~58 nm, their differing
aspect ratios (2.9 + 1.1 for M-WL, 1.7 + 0.5 for T-WL) strongly
suggest distinct formation mechanisms.

Quantitative data obtained through TKD pattern matching analysis,
confirms the presence of lamellar grains beneath the M-WL, marked
by the formation of high-angle geometrically necessary boundaries
(GNBs) and low-angle incidental dislocation boundaries (IDBs). As
strain increases closer to the hard-turned surface, these lamellar
grains evolve into rectangular nanocrystalline grains, within which
we observed both H and Y triple junctions.

Furthermore, we found clear evidence of intensive plastic strain in
the um-sized (Fe, Cr)sC cementite precipitates within the M-WL. The
lamellar grains in the material drag region exhibited plastic flow
behaviour around these particles, a behaviour absent in T-WLs.
Based on these new observations, we propose that the microstructure
evolution in M-WL during hard turning is primarily initiated by grain
subdivision process leading to lamellar grain formation. This is then
subsequently followed by mechanically assisted triple junction mo-
tion, a dynamic recovery mechanism that ultimately leads to the
formation of the HAGB rectangular nanocrystalline grains.

This study additionally highlights the novel attempt in character-
izing the highly strained nanocrystalline grains on hard turned surfaces
of AISI 52100 tempered martensitic steel. We emphasize the critical role
of advanced TKD pattern matching, which significantly improved the
indexing accuracy compared to the conventional Hough transform and
provided the first direct TKD-based validation of the detailed M-WL
microstructural evolution mechanism.
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