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ABSTRACT

Diamond turning of nickel-phosphorous (NiP) has been widely researched. Although the tool geometry and cutting parameters have been investigated previously, the
fundamental material removal mechanisms from a material perspective are still in demand to assist material designs for precision parts in harsher environments.
Fundamentally, the material removal mechanism and associated phase transformations are governed by the severe plastic deformation and high strain rates induced
at the tool tip. To investigate the role of strain rate, this study employs a simplified experimental design: we strictly maintain constant tool geometry, feed rate, and
depth of cut, while systematically varying only the cutting speed (m/s) with a combination of cutting radius and spindle speed to indicate the influence of strain rate.
This is achieved through a comparison of surface topography, chip structure, near-surface microstructure, and composition profile. The cutting speed varies by a
factor of 50. Our results show that the increase in cutting speed induces higher surface roughness (Sq, root mean square roughness) and higher slope of the profile
(Sdg, root mean square slope). The roughness shape bias (Ssk, skewness) is independent of cutting speed but is inversely related to the diameter of the cutting location
on the sample disc. Phase transformation, more specifically, crystallization of amorphous NiP is commonly seen in chips for all cutting speeds. However, near-surface
microstructural analysis shows that at the low cutting speed, there is no crystallization at the surface. The increase in cutting speed results in the crystallization of
amorphous NiP and a P-depleted layer of 15.9 nm at the surface. The measured thickness of the depleted layer by energy-dispersive X-ray spectroscopy (EDS) is close
to that of the crystallized layer of 14.2 nm. This study indicates that to achieve high surface quality, the cutting speed should be below a threshold value that induces

crystallization in chips and near-surface damage of amorphous NiP.

1. Introduction

Nickel-phosphorous (NiP) coatings with unique properties of high
hardness, wear resistance, and corrosion protection make them valuable
for various industrial applications, such as digital printing parts, injec-
tion mold dies, and aspheric/freeform mirrors [1]. There are two types
of NiP coatings that are widely used: electroless and electroplated NiP.
The widely used electroless NiP coatings with uniform thickness are
produced through a chemical reduction process, which is especially
advantageous for coating complex geometries, which allows further
manufacturing for different purposes. For example, back in 1980,
Johnson demonstrated that the ultra-black electroless NiP can be suc-
cessfully tuned by surface morphology modification by chemical etching
[2]. On the other hand, electroplated NiP coatings can achieve thicker
layers and higher phosphorus (P) content [3], enhancing durability and
corrosion resistance for demanding applications in harsh environments.
However, electroplated NiP is not as widely available as electroless NiP
[4]. It is notable that research on NiP with new microstructure, such as
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incorporating different types of particles [5,6] is ongoing, aiming for
better properties.

In general, NiP deposits are classified into three categories: low (1 wt
% to 5 wt %), medium (5 wt % to 8 wt %), and high (9 wt % and above) P
deposits. The common trend is that low-P NiP has a crystalline structure,
and with the increase in P, the structure becomes a mixture of amor-
phous and crystalline phases or even fully amorphous [7]. The electro-
plating method has been used for very high P NiP. P content can reach up
to 25 atomic % P in the crystalline form (pure compound, NisP) and up
to about 19 atomic % P in amorphous samples (eutectic composition of
Ni and NisP) [4,8]. The different structures of NiP play a critical role [4]
in determining the surface quality of machined final products (i.e., op-
tics and other precision parts) by ultra-precision manufacturing
processes.

Ultra-precision manufacturing processes employing single-crystal
diamond cutting tools, variously referred to as single-point diamond
turning (SPDT) or diamond milling, typically utilize multi-axis precision
machines to achieve exceptional surface quality. Surface topography, as
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well as tool and sub-surface signatures, depend on a complex array of
process and tool parameters and inherent wear mechanisms. Histori-
cally, prior to the emergence of precision machining for optical quality
surfaces, diamond tools were primarily utilized in the engraving of
gratings and scale ruling, as well as for machining hard materials. It is
notable that historical literature often used the phrase “diamond tool”
ambiguously to describe either the specific geometry of the tool or the
material used as the cutting edge [9].

Conceptually, these processes are relatively simple [10]; however, as
noted by Patterson, “beauty is in the details” [11]. Consistently repro-
ducing parts with nanometer-scale tolerances and specific surface to-
pographies requires mastery over several intertwined variables,
including undisclosed plating processes, complex machining parameter
sets, and varying material behavior.

First, a primary source of this complexity is the tool itself. Drawing
on their origins as ruling tools, early crystalline diamond tools were
manufactured from “near gem quality” natural diamonds. As a class,
these natural stones can possess a wide variety of chemical impurities
and inclusions that significantly alter their mechanical, thermal, elec-
trical, and optical properties [12]. Diamond tools vary in different
machining processes: variations in crystal orientation, edge sharpness,
and the presence of micro-defects at the tool tip can significantly in-
fluence the final surface finish and tool longevity.

Second, wear/machining mechanisms are highly material-
dependent. For example, different NiP forms have different in-
teractions with the diamond tool, which determines diamond tool wear
[13] and the sample surface morphology: tuning NiP structure by heat
treatment and deposition parameters enabled Taylor et al. to reach
diamond turned surface roughness less than 1 nm [14]. For NiP
composed of a mixture of pure nickel (crystalline) and the compound
NisP (crystalline), an increase in P leads to a higher fraction of harder
second-phase Ni3P, which causes more abrasive wear in diamond tools
[15]. For NiP with amorphous phase, lower tool wear is expected [3,4,
16,17]. It is interesting to notice that in fully amorphous NiP, two types
of amorphous phases with different stability have been discovered and
the higher P content favors the more stable amorphous phase with lower
tool wear [16,18,19], which is interpreted by the theory of chemical
wear related unpaired d-shell electrons by Paul et al. [4]. The proposed
interaction between unpaired d-shell electrons from the workpiece and
diamond tool to form carbon-metal complexes fits the experimental data
of different materials well.

Third, tool geometry and cutting parameters are fundamentally
linked to variations in surface quality [20,21]. While material properties
differ, achieving superior surface quality universally requires an opti-
mized combination of feed rate, spindle speed, depth of cut, and tool
geometry. For instance, Geng et al. [22] and Xiong and Wu [23]
demonstrated that minimizing feed rates is critical for improving surface
quality in ZnSe and Ti6Al4V alloys, respectively. Zhang et al. [24]
demonstrate that the depth of cut has the greatest impact on A100 steel
and 300M steel, and the spindle speed has the smallest. Kim et al. [25]
highlighted spindle speed as the most influential factor for aluminum, a
trend supported by Cheung and Lee [15], who observed that higher
speeds combined with larger tool nose radii yield smoother finishes.
Similarly, Bao et al. [26] found that for NiP, optimal surface quality is
achieved through a comparable balance of high spindle speed, low feed
rate, and specific tool geometry. Collectively, these studies emphasize
that while material properties differ, achieving superior surface quality
universally requires a tailored combination of minimized feeds and
optimized cutting speeds. The material removal mechanisms are not the
focus of these studies.

Benefiting from the advances in electron microscopy characteriza-
tion techniques, especially transmission electron microscopy (TEM),
fundamental materials information during the machining process have
been successfully adopted to investigate the material removal mecha-
nism in several ceramics at the nanometer scale: researchers can identify
the formation mechanism of near-surface damage, in terms of competing
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mechanisms of amorphization, poly-crystallization, microcracking, and
dislocation formation in plunge-cut silicon [27] and diamond turned
GaAs ceramics [28]. Motivated by these studies, we aim to correlate
surface morphology, near-surface damage and chip structure at the
nanometer scale for the first time. It is hypothesized that the phase
transformation, more specifically crystallization, due to different
machining conditions, may occur, and significantly affect surface
morphology and near-surface damage. Fundamentally, the material
removal mechanism and associated phase transformations are governed
by the severe plastic deformation and high strain rates induced at the
tool tip. While variations in tool geometry and feed rates inevitably alter
the effective cutting mechanics, they introduce complex geometric
variables that can obscure the underlying kinetic effects. To decouple
these factors, this study employs a simplified experimental design: we
maintain constant tool geometry, feed rate, and depth of cut, while
systematically varying only the cutting speed (m/s) with a combination
of cutting radius and spindle speed. This approach allows us to directly
modulate the strain rate, thereby isolating its specific role in driving
microstructural evolution and surface formation.

2. Experiment

The NiP coatings (OptaKoat®) for diamond turning were electro-
plated by TechMetals Inc. on 6061-T6 Aluminum substrate with 70 mm
in diameter. The thickness of the coating was 101.6 pm. This coating is
highly reflective and specifically developed for the optics and diamond-
turning industry. The diamond turning was performed on a 'Moore
Nanotechnology 650FGv2. This is a facing operation on one end of the
cylindrical test piece. The diamond cutting tool tip has a 0.5 mm nom-
inal nose radius. The rake angle is 0° and the clearance angle is 12.5°.
The feed rate/crossfeed is 10 pm/rev. The depth of cut (DoC) is 2.5 pm.
A range of cutting speeds (m/s) is accomplished by a combination of
spindle speeds (200 rpm to 2000 rpm) and turning diameters (11 mm to
65 mm) (Fig. 1). Variation in cutting speed by approximately a factor of
50 is achieved from 0.12 m/s to 6.81 m/s. Prior to the formal cutting, a
pre-machining (diamond turning) was performed over the entire surface
at 200 rpm and a feed/rev of 5 pm, ensuring that the cutting speed
(surface speed) in pre-machining is less than the experimental
conditions.

Surface topography analysis by a series of partially overlapping areal
scans of each sample was acquired using 'Zygo NexView Coherence
Scanning Interferometer (CSI) with a 50 x mirau objective located at the
University of North Carolina at Charlotte. The individual scans were
stitched together using the instrument's native Mx™ software to in-
crease the nominal field of view (FOV) without changing the spatial
sampling or optical resolution of 0.17 pm and 0.52 pm, respectively. The
stitched height maps of each sample were cropped to a consistent planar
area of approximately 500 pm x 1000 pm, parallel and perpendicular to
the dominant lay direction for subsequent analysis and surface param-
eter evaluation. Surface parameter statistics were also computed for 45
individual 170 pm x 170 pm scans for each surface condition. In both
cases (stitched and individual scans), a 6th-order polynomial fit was
used to level and remove any low-frequency form deviations in the
surface topography data before parameter evaluation; no high- or low-
pass filtering was utilized.

X-Ray diffraction experiments (XRD) were performed on 'Rigaku
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Certain commercial equipment, instruments, or materials are identified in
this paper to specify the experimental procedure adequately. Such identifica-
tion is not intended to imply recommendation or endorsement by NIST, nor is it
intended to imply that the materials or equipment identified are necessarily the
best available for the purpose. This material is declared a work of the U.S.
Government and is not subject to copyright protection in the United States.
Approved for public release; distribution is unlimited.
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#6: ® 65 mm . .
#5: ® 57 mm Cutting speed = (diameter - Tr) - rpm
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N #i: ® 11 mm 1 1 200 0.12
( 2 19 2000 1.99
{ width: 1.25 mm 3 34 200 0.36
e N 4 42 2000 4.40
= 5 57 200 0.60
6 65 2000 6.81

Fig. 1. The locations for machining on the component surface (unit: mm). Six
cutting speeds are designed by combining different spindle rpm and diameters.

SmartLab® at room temperature. Bragg-Brentano XRD and Grazing
Incidence (GI)-XRD induced by 1°, 5°, and 9° incidence angles were used
to examine the phase of the surface layer. Transmission Electron Mi-
croscopy (TEM) foils were prepared by Focus Ion beam (FIB) (model:
'ThermoFisher Quanta 3D FEG). TEM and energy-dispersive X-ray
spectroscopy (EDS) were carried out in a 'JEOL 2100 transmission
electron microscope operated at 200 keV at the University of North
Carolina at Charlotte and a 'Titan G2 80-200 Scanning TEM (STEM) at
Los Alamos National Laboratory.

3. Results and discussion

This section presents a comprehensive analysis of the surface integ-
rity of diamond-turned electroplated NiP. First, the surface topography
is evaluated using statistical roughness parameters (Sq, Ssk and Sdq) and
Power Spectral Density (PSD) to quantify the degradation of surface
quality at higher cutting speeds. Subsequently, the underlying material
removal mechanisms are elucidated through microstructural charac-
terization of chips and the near-surface layer using XRD, TEM, and EDS.
The combined results establish a correlation between the speed-induced
increase in roughness and the onset of localized phase transformation
(crystallization) and elemental segregation.

3.1. Surface topography analysis

This subsection details the evolution of surface topography across
varying cutting speeds (0.12 m/s to 6.81 m/s). The topography of all six
rings manufactured with different cutting speeds is shown in Fig. 2. As
designed, the dominant spatial period between peaks or troughs is
approximately 10 pm for all cutting speeds (see Fig. 2¢). Small variations
in this fundamental period are primarily caused by subtle differences in
the effective feed per revolution, resulting in variations in the uncut chip
thickness. Although the fundamental period appears consistent between
samples, the shape of the imparted surface profile varies, as shown in the
overlapped cutting-speed-dependent surface profiles in Fig. 2c. The
difference in profile shape may be attributed to variations in cutting
force and elastic spring-back. Qualitatively, lower cutting speed induces
lower surface roughness (peak-to-valley height difference). The calcu-
lated average + one standard deviation of the maximum total height
(distance between the highest peak and lowest valley) for the six
measured primary profiles shown in Fig. 2c is 31.5 nm + 3.4 nm,
comparable to the theoretical estimate of 25 nm, calculated by Pt ~ f2/
8R [29], where R is the nominal 0.5 mm nose radius of the diamond tool,
and f; is the 10 pm/rev programmed feed rate. Discrepancies between
the theoretical calculation and measured values are expected as the
formula assumes perfect geometry and kinematics. In practice, minor
differences in the assumed edge radius and feed rate, in addition to edge
wear, vibrations, and material-specific ductile-brittle transitions, affect
the final surface profile.

Three key statistical parameters were selected from the ISO 25178-2
standard [30] to describe surface characteristics: Sq (Root Mean Square
Roughness), Ssk (Skewness), and Sdq (Root Mean Square Slope). Sq is
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the standard deviation of the surface's height distribution and provides a
quantitative and commonly used general measure of surface roughness
magnitude. Ssk measures the asymmetry of the distribution of surface
texture height values. Zero skewness indicates a symmetric height dis-
tribution of material about the mean plane of the surface, whereas a
positive value suggests a surface with more prominent peaks. Sdq
quantifies the root mean square (rms) slope of the textural features on a
surface. Overall, measured Sq and Sdq increase with cutting speed.
There is no clear trend for Ssk. A more quantitative correlation is as
follows.

Columns three to five in Table 1 list calculated roughness values for
the stitched 500 pm x 1000 pm areal height map in Fig. 2a (top num-
ber), containing approximately 21 individual height maps and the
average and standard deviation of 45 individual 170 pm x 170 pm areal
height maps (bottom number). See the top center image of Fig. 2a for
size reference. Note that the surface roughness value(s) for the stitched
height map were always within one standard deviation of the mean
values obtained from the 45 individual height maps that consisted of
much smaller evaluation areas. Fig. 3 includes box plots of the surface
parameter data for the individual CSI measurements plotted against
cutting speed (left) and nominal ring diameter (right). The interquartile
range (IQR) of the data is shown as grey boxes; the lower and upper
bounds of the whiskers are calculated as Q1 - 1.5 - IQR and Q3 + 1.5 -
IQR, respectively. Values above or below this range are considered as
outliers that are created when roughness parameters are computed on a
measured area of the surface that contains small debris or defects (see
dark spots in Fig. 2a, for example). The horizontal line (—) within the
grey boxes represents the median of the data and the ( x ) represents the
mean. The latter can be skewed in some cases (see Ssk plots in Fig. 3) due
to the presence of a few extreme outliers in the data, some extending
beyond the y-axis range of the plot(s). The outliers were omitted from
the computation of the statistics presented in Table 1 and the Pearson
correlation coefficients depicted in Fig. 3. However, they were retained
in the bar plots in Fig. 3 to visualize their presence and illustrate their
potential to introduce bias in the mean estimate if not properly
controlled for. Upon removal of the outliers, the mean and median of the
surface parameter data for each case exhibited strong concordance. The
variation in Sq in Fig. 3 for a given cutting speed or nominal ring
diameter is about 0.25 nm. A negative trend in the average Sq values is
observed for cutting speeds ranging from 0.12 m/s to 0.6 m/s, while a
positive trend is observed for cutting speeds ranging from 0.6 m/s to
6.81 m/s.

The Pearson correlation coefficient (p) is employed to quantitatively
assess the linear relationship between cutting speed and surface
roughness parameters Sq, Ssk and Sdq. It is acknowledged that this
metric does not capture non-linear dependencies; a low coefficient could
theoretically result from a strong but non-monotonic relationship.
However, the near-unity coefficients observed for Sq (p = 0.97) and Sdq
(p = 0.93) indicate that the relationship between cutting speed and the
roughness amplitude/slope is predominantly linear within the tested
process window. In contrast, the low coefficient for Skewness (Ssk, p =
—0.51) signals a weak linear relationship with cutting speed; instead,
the strong correlation with diameter (p = —0.85) indicates that geo-
metric factors play the primary role.

Power Spectral Density (PSD) analysis is an essential technique for
evaluating surface topography in diamond turning, providing a detailed
breakdown of surface features by their spatial frequencies. Mathemati-
cally, the PSD of a surface is calculated as the average of the square of
the Fourier transforms for each row (or column) of an areal measure-
ment. The graph provides insights into the spatial content of a surface,
whereby the x-axis covers the range of spatial wavelengths captured
within the measurement area. This analytical approach identifies peri-
odic tool marks and discerns subtle variations in the surface topography,
which are critical for the high-precision requirements of optical com-
ponents. As expected, the strongest and 1st peak of spatial frequency is
100 cycles/mm, which corresponds to 10 pm spatial wavelength
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Fig. 2. (a) Cropped 0.5 mm x 1.0 mm areal topography CSI scans of turned surfaces. (b) Cropped 0.05 mm x 0.1 mm areal topography CSI scans of turned surfaces.
(c) Localized profiles of the topography of machined surfaces at six different cutting speeds. The total height (Pt) measured for the primary profiles corresponding to
rings 1 to 6 were 28.1 nm (ring 1), 28.3 nm (ring 2), 30.4 nm (ring 3), 33.7 nm (ring 4), 30.7 nm (ring 5), and 38.0 nm (ring 6).
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Table 1
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Statistical surface roughness calculated on 500 pm x 1000 pm stitched areal height map (top number) with average and standard deviation of 45 individual 170 pm x
170 pm height maps (bottom number) of turned surfaces. See Fig. 2a for reference.

Ring Nominal Ring Dia (mm) Cutting speed (m/s) Sq (nm) Ssk Sdq (pm/mm)
#1 11 0.12 9.69 0.32 6.89
9.73 + 0.09 0.31 +0.01 6.99 + 0.13
#2 19 1.99 10.00 0.36 7.34
10.07 + 0.14 0.35 + 0.01 7.43 £0.12
#3 34 0.36 9.56 0.26 7.32
9.58 + 0.05 0.25 + 0.02 7.46 + 0.15
#4 42 4.40 10.74 0.21 8.21
10.75 + 0.11 0.21 +0.01 8.22 + 0.10
#5 57 0.60 9.54 0.18 7.52
9.52 + 0.08 0.18 + 0.02 7.58 + 0.07
#6 65 6.81 12.12 0.16 9.24
12.1 + 0.07 0.15 + 0.02 9.38 £ 0.16

(Fig. 4a). Each subsequent peak corresponds to an integer multiple of a
fundamental frequency of 100/mm, forming a harmonic series due to
the subtle irregularities that make up the approximate sinusoidal shape
of the grooves. The magnified area on the 1st peak (Fig. 4b) shows that
the peaks for Ring 1 to Ring 6 overlapped, indicating the consistency of
turning marks in diamond turning of NiP.
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3.2. Microstructure analysis of chips and near-surface damage

This subsection examines the sub-surface microstructural and
chemical changes induced by the machining process. While continuous
chips indicate a ductile cutting mode across all parameters, cross-
sectional Transmission Electron Microscopy (TEM) and Energy Disper-
sive Spectroscopy (EDS) reveal a distinct material response limit. The
aim is to provide a physical interpretation for the surface degradation
observed in the topography analysis.

p=0.58

13.0

Ssk S¢ (nm)

Sdg (nm/mm)

Ring Diameter (mm)

Fig. 3. Sq, Ssk and Sdq variations as a function of cutting speed (left) and ring diameter (right). Some extreme outliers in the data are out of the y-axis range and
significantly skew the calculated mean values (e.g., mean Ssk value for ring 5). Pearson correlation coefficient (p) shown above each plot is computed after outlier
removal. The interquartile range (IQR) of the data is shown as grey boxes; the lower and upper bounds of the whiskers are calculated as Q1 - 1.5 ¢ IQRand Q3 + 1.5 ¢
IQR, respectively. Values above or below this range are considered as outliers that are created when roughness parameters are computed on a measured area of the

surface that contains small debris or defects.
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Fig. 4. (a) Power Spectral Density (PSD) of machined rings showing the effect
of cutting speed on density spectrum. (b) PSD with limited range.

Bragg-Brentano XRD and grazing incidence XRD (GI-XRD) tech-
niques were employed to characterize the crystalline phases of the
surface material at different depths. The penetration depths during GI-
XRD induced by 1°, 5% and 9° incidence angles are 0.4 pym, 2.2 pm,
and 4.1 pm, respectively. As shown in Fig. 5, no crystalline peaks are
observed at different depths of layers, which suggests a fully amorphous
or insignificant crystalline structure within the analyzed surface layer.
XRD results also confirmed that the electroplated NiP has a fully
amorphous structure before diamond turning.

For all six rings with different cutting speeds, the continuous chips
indicate the ductile machining mode. Plastic deformation, in contrast to
fracturing, dominates during the turning. TEM images and selected area
diffraction (SAD) allow the examination of microstructure and phases at
the nanometer scale. Long (continuous) chips (>2 mm) from Ring 1
(lowest cutting speed) and Ring 6 (highest cutting speed) were mounted
to TEM grids. As the chip from diamond turning has various thicknesses,
one side of the chip is electron transparent and was thoroughly exam-
ined by TEM. Two long chips (Ring 1 and Ring 6) are demonstrated in
Figs. 6 and 7, respectively. It is noted that partial crystallization
occurred during the chipping process for both samples, as a mixture of
amorphous and crystalline phases was observed. Phase structure
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Fig. 5. Bragg-Brentano XRD and GI-XRD results showing the amorphous
structure on the machined NiP surfaces.

overviews of the entire chips were collected, and the red lines were used
to highlight the amorphous structure (no phase transformation) and the
blue lines to represent the crystalline (phase transformation). The
portion of crystallized regions is significant, accounting for 25% to 33%
of the thinner edges of collected chips based on two long chips in this
study. There is no obvious difference in shear banding behavior (the
serration) for amorphous and crystallized regions.

Besides chips, the near-surface damage at different cutting speeds is
compared. Cross-section TEM samples of the machined surfaces of Ring
1 (lowest cutting speed, Fig. 8) and Ring 6 (highest cutting speed, Fig. 9)
were prepared by the FIB technique. The machined surfaces are pro-
tected by a Platinum (Pt) or carbon (C) layer. For Ring 1, no crystalized
layer was detected on the surface (Fig. 8a). The inset SAD pattern shows
a clear amorphous structure. High-resolution (HR)TEM micrograph
(Fig. 8b) further confirms a clear interface between the Pt protective
layer (nanocrystalline) and NiP layer (amorphous). On the other hand,
for Ring 6, a layer of 14.2 nm + 1.6 nm crystalized layer was observed
(Fig. 9). The crystallized NiP layer contains nanocrystals of several
nanometers in diameter, observed by HRTEM (Fig. 9¢).

The element distribution of the machined surface is examined to
study if the near-surface structure is correlated to elemental segrega-
tion/depletion. The surface composition profiles of Ring 1 (Fig. 10a—c)
and Ring 6 (Fig. 10d-f) are collected by EDS line scan. Fig. 10b and e
include Ni and P elements, as well as the elements of the protective
layer, i.e., Pt and C, respectively. Fig. 10c and f include only Ni and P
elements. We use Fig. 10b and e to define the surface location where the
concentration of Ni and P is negligible (<1 %). Results in Figs. 10c and f
shows P at the surface of Ring 1 is similar to the inside base materials of
18.2 atomic % =+ 0.9 atomic % (10.5 % =+ 0.5 % by weight), while in
Ring 6, a P depleted layer with a thickness of 15.9 nm + 0.3 nm and
composition of 12.4 atomic % + 0.6 atomic % (6.9 % + 0.3 % by
weight) is observed. The composition of base materials inside is 17.8
atomic % =+ 3 atomic % (10.3 % =+ 1.7 % by weight). The thickness of
15.9 nm is the lower limit of the P-depleted layer. As shown in Fig. 10f,
the upper limit considers the surface as the interface defined above, and
the lower limit only considers the length of the uniformly separated/
depleted region. Statistical information of P elemental concentrations in
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Amorphous region

Transition

Fig. 6. TEM and SAD analysis showing a serration (shear banding) in the cutting chip from the lowest cutting speed (Ring 1). A mixture of amorphous structure and
intermetallic is observed. (a) An overview of an entire chip with two ends bonded to a TEM grid. This is a TEM image stitched from multiple overlap low-
magnification TEM images. The thinner edges of the entire chip have been examined thoroughly at higher magnification, which has two types of structure: crys-
talline and amorphous regions. The labeled red lines on the chip represent the regions that are amorphous, while the blue line represents crystalline regions. One
representative crystalline region (b1) and amorphous region (c1) are shown. The contrast of dark and light regions is from the thickness contrast. The corresponding
representative selected area diffraction (SAD) patterns collected from a circular area with a diameter of ~110 nm are demonstrated in (b2) and (c2), respectively.
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

bulk and surface layer, and the thickness measurement of concentrated
layers are labeled in Fig. 10c and f, and details are summarized in
Table 2. The information is from at least three line scans at different
locations to ensure the consistency of measurement. The complete EDS
results of the two rings are provided in the Supplementary material.
Therefore, when comparing Ring 1 and Ring 6, the increase in cutting
speed results in a crystallization of amorphous NiP, along with a P-
depleted layer of 15.9 nm. The thickness of the depleted layer by EDS is
close to the crystallized layer of 14.2 nm.

Overall, the surface morphology analysis and materials character-
ization in this study indicate that to achieve high surface quality, the
cutting speed should be below a threshold value that induces crystalli-
zation in chips and near-surface damage of amorphous NiP.

4. Conclusions

The influence of cutting speed on the surface topography and ma-
terials removal mechanisms on fully amorphous NiP was examined by
diamond turning with cutting speeds varying from 0.12 m/s to 6.81 m/s.
The continuous chipping indicates a continuous ductile machining mode
for all cutting speeds. The surface morphology analysis and materials
characterization in this study indicate that to achieve high surface
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quality, the cutting speed should be below a threshold value that induces
crystallization in chips and near-surface damage of amorphous NiP. The
major observations are as follows.

(a) Surface topography analysis shows that the increase in cutting
speed induces higher surface roughness (Sq, root mean square
roughness) and higher slope of the profile (Sdq, root mean square
slope). The Pearson correlation coefficient shows that the bias of
the roughness shape (Ssk, skewness) does not depend on cutting
speed but is inversely related to the diameter of the cutting
location on the sample disc.

(b) Transmission electron microscopy shows that crystallization is
commonly seen in chips for cutting speeds from 0.12 m/s to 6.81
m/s in this study. The portion of crystallized regions is signifi-
cant, accounting for 25% - 33% based on two long chips in this
study.

(c) When comparing the near-surface microstructure in Ring 1 (0.12
m/s) and Ring 6 (6.81 m/s), the increase in cutting speed results
in the crystallization of amorphous NiP and a P-depleted layer of
15.9 nm at the surface. The thickness of the depleted layer by EDS
is close to that of the crystallized layer of 14.2 nm.
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Fig. 7. TEM and SAD analysis of the thinner edges of the entire chip from the highest cutting speed (Ring 6). Similar to Fig. 6, two types of structure: crystalline (red)
and amorphous (blue) regions are observed. Amorphous region at high magnification (b1) and corresponding SAD (b2), and crystalline regions at high magnification
(c1) and corresponding SAD (c2) are provided. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 8. TEM micrographs of the machined surface region at the lowest cutting speed (Ring 1). (a) The machined surface is protected by Pt, and the inset SAD indicates
a clear amorphous structure of NiP. (b) HRTEM micrograph further confirms the structure of the Pt protective layer and NiP; no crystallized layer was detected.
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Fig. 9. TEM micrographs of the machined surface region at the highest cutting speed (Ring 6). (a) The machined surface is protected by C, and NiP shows an
amorphous structure. (b) A layer of 14.2 nm + 1.6 nm crystalline structure is observed. (c) HRTEM provides further information that a crystalized layer is formed.
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Fig. 10. Elemental investigation of the machined surface region for (a-c) Ring 1 and (d-f) Ring 6 (a,d) STEM images showing the cross-section region of NiP layers
protected by Pt or C layers. Representative EDS line scan regions are labeled; (b,e) EDS line scans show the elements of interest, Ni and P, as well as protective layer
element (Pt or C); (c,f) Only Ni and P elements are considered for atomic concentration. Protective layers are labeled.
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Table 2

Statistical information of P elemental concentrations in the bulk and surface
layer of the machined surface, and the thickness measurement of P-depleted
layers in the machined surface of Ring 6. The definition of the lower and upper
limit is shown in Fig. 10f.

Sample Bulk Surface layer Concentrated thickness
concentration concentration (nm)
(atomic % P) (atomic % P) Lower Upper
limit limit
Ring 1 18.2 + 0.9 N/A N/A N/A
Ring 6 17.8 + 3.0 12.4 + 0.6 15.9 + 225+
0.3 0.4
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