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Abstract

Deformation behavior at grain levels greatly affects the machining characteristics of crystalline materials. In the present work,
we investigate the influence of material anisotropy on ultra-precision diamond cutting of single crystalline and polycrystal-
line copper by experiments and crystal plasticity finite element simulations. Specifically, diamond turning and in situ SEM
orthogonal cutting experiments are carried out to provide direct experimental evidence of the material anisotropy-dependent
cutting results in terms of machined surface morphology and chip profile. Corresponding numerical simulations with the
analysis of built stress further validate experimental results and reveal the mechanisms governing the material anisotropy
influence. The above findings provide insight into the fabrication of ultra-smooth surfaces of polycrystalline metals by ultra-

precision diamond turning.
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1 Introduction

Ultimate surface finish with high surface integrity, low
surface roughness, and high form accuracy is crucial for
achieving superior optical, electrical, and chemical corro-
sion resistance properties of advanced components and parts
[1-4]. Among different types of micro/nano-manufacturing
techniques, mechanical machining such as ultra-precision
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single-point diamond turning (SPDT) with ultra-fine mate-
rial removal has been demonstrated as a promising technique
for achieving ultra-smooth surface of a variety of materials,
such as metals [5-8], semiconductor materials [9—11], and
ceramics [12—16]. Specifically, in addition to utilized preci-
sion CNC lathes and ultra-sharp diamond tools, SPDT is
also highly dependent on the properties of workpiece mate-
rials, primarily due to the comparable feature size of inter-
nal microstructures of workpiece materials with depth of
cut (DOC), as well as cutting edge radius of diamond tools.
Thus, to facilitate the machining capability of SPDT, it is
extremely important to evaluate the influence of material
properties on the machining process.

In addition to atomic bonding forces that are used to
categorize the classes of materials, international micro-
structures such as point defects, interfaces, and voids also
have a strong impact on the properties of a specific mate-
rial. For instance, polycrystalline metals are composed
of multiple single crystalline grains with random grain
sizes and random crystallographic orientations, as well as
grain boundaries (GBs) that connect neighboring grains.
While mechanical properties of individual grains with
different crystallographic orientations are different from
each other due to different the atomic packing sequences,
mechanical responses of individual grains under external
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loading are also different. Specifically, the influence of
material anisotropy on SPDT of metals, in terms of chip
profile, machined surface morphology and cutting force,
has been observed theoretically and experimentally. To
et al. performed SPDT of single crystalline aluminum
and found that the best surface finish is obtained with
the {100} plane, whereas the {110} plane possesses the
highest surface roughness [17]. Zhou et al. reported vari-
ations of cutting force and surface roughness with crystal-
lographic orientation during SPDT of single crystalline
aluminum and copper [18]. In particular for polycrystal-
line metals, Furukawa et al. concluded that the anisotropy
of polycrystalline materials cannot be ignored in SPDT,
as it may cause additional surface roughness around tens
of nanometers [19]. Brinksmeier et al. found that since
individual grains have different relative orientations and
corresponding degrees of elastic and plastic recovery, sur-
face steps with heights of a few nanometers may appear
at GBs on the machined surface of polycrystalline copper
under SPDT [20]. Yu et al. further demonstrated that the
formation of GB surface step in SPDT of polycrystalline
copper has a strong dependence on both the pre-treatment
method of workpiece material and the grain size [21].
More recently, Wang et al. combined numerical simula-
tion and experimental validation of orthogonal diamond
cutting and scratching of bi-crystal copper, as well as
cross-sectional TEM characterization, to demonstrate the
formation mechanisms as well as suppression strategy of
GB surface step on machined surface [22, 23].

To provide in-depth investigation of the mechanisms gov-
erning the material anisotropy-dependent diamond cutting
processes, advanced experimental and numerical simulation
techniques are needed. From the experimental side, in situ
micro-cutting performed in a scanning electron microscope
(SEM) could provide microscopic details of the on-going cut-
ting process. Fang et al. performed in situ SEM micro-cutting
experiments to successfully verify the transition of material
removal from shearing to extrusion in diamond cutting with
nanometer DOCs [24, 25]. Michler et al. embedded a microin-
dentation/scratching apparatus into SEM to study the chip for-
mation mechanisms during microscratching, and observe the
phenomenon of material flow near the indenter [26]. Liu et al.
specially designed nano-cutting platform embedded within
SEM, and performed nano-cutting experiments of single crys-
talline silicon to study effects of crystal orientation and tool
edge radius on the critical thickness for the brittle-to-ductile
transition [27]. More recently, Wang et al. performed in situ
SEM micro-cutting experiments of polycrystalline copper to
examine the obtained chip profile, which are further verified
by corresponding numerical simulations [28]. However, most
of the previous in situ SEM micro-cutting experiments were
focusing on the realization of cutting operations in SEM, and
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there is rare attention paid to the understanding of material
properties’ influence on the in situ cutting process.

From the numerical simulation side, finite element (FE)
simulation has been widely used to investigate the cutting pro-
cess, given its comparable length scale and time scale with
experiments. However, the Johnson—Cook constitutive model
adopted in most of the previous FE simulations of metal cut-
ting cannot be used to address the influence of material anisot-
ropy due to the simplification of material isotropy. While the
crystal plasticity constitutive model (CPCM) has been widely
used to describe deformation behavior of anisotropic materials
under tension and compression tests with the absence of mate-
rial removal, recently FE models incorporating CPCM have
been established to address the anisotropy influence on the cut-
ting of crystalline metallic materials. Lee et al. explored mate-
rial anisotropy-induced variations of shear angle and cutting
force in diamond cutting of polycrystalline copper by crystal
plasticity finite element (CPFE) simulations [29]. Liu et al.
performed CPFE simulations to successfully capture the influ-
ence of crystallographic orientation on the cutting force, chip
morphology, and pile-up profile in cutting processes of single
crystalline copper [30]. More recently, Wang et al. presents
CPFE modeling and simulations of orthogonal diamond cut-
ting of polycrystalline copper and corresponding experimental
validation, in which the crystallographic orientations of indi-
vidual grains between simulations and experiments are the
same with electron backscatter diffraction (EBSD) characteri-
zation and corresponding Euler angles mapping [22, 28]. They
also demonstrated a strong dependence of shearing deforma-
tion of single crystalline copper under orthogonal cutting on
crystal anisotropy by CPFE simulations and experimental
validation [31]. To facilitate the fundamental understanding
of the material anisotropy influence on cutting processes of
crystalline materials, further theoretical and experimental
work is greatly needed.

In the present work, the influence of internal microstruc-
ture on orthogonal diamond cutting of both single crystal-
line and polycrystalline copper, in terms of chip profile,
machined surface morphology, and cutting force, is inves-
tigated by experiments of diamond face turning and in situ
SEM orthogonal cutting, as well as CPFE simulations of
orthogonal cutting. Specifically, CPFE simulations are
further performed to reveal the mechanisms governing the
anisotropic machining characteristics in diamond cutting of
polycrystalline copper.

2 Methodology
2.1 Setup of Diamond Face Turning

To demonstrate the impact of internal microstructure on
diamond cutting, two types of workpiece materials were
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selected for direct comparisons, as (100)-oriented single
crystalline copper and polycrystalline copper, respectively,
which are obtained from Hefei Kejing Materials Technology
Co., Ltd. The polycrystalline copper has an average grain
size of 20 pm. As-received copper specimens are firstly
subjected to vacuum annealing treatment at 800 °C for 1 h,

y. > 3 (001)
4 4

Fig.2 Experimental setup of
SPDT. a Configuration of tool
clamping and workpiece fixture;
b round-nose diamond tool; ¢
diamond tool with straight cut-
ting edge

Spindle
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<

and then characterized by electron backscattered diffraction
(EBSD) analysis to examine the misorientation and texture.
Figure 1 shows the EBSD characterization of polycrystal-
line copper, which shows clearly individual grains and GBs.

Ultra-precision SPDT experiments were carried out on
the Precitech Nanoform 700 precision CNC lathe, as shown
in Fig. 2a. Two types of diamond tools were used. One is
a round-nose diamond tool with a nose radius of 0.1 mm
(shown in Fig. 2b), which is adopted for diamond face turn-
ing. Figure 2c shows the other diamond tool, which has a
straight cutting edge of 1.2 mm in length and is used for
orthogonal cutting. Due to the difficulty in tool position
adjusting, there is an inclination of 0.2° of the straight cut-
ting edge with respect to the horizontal line. Each cutting
tool has a rake angle of 0°, a clearance angle of 10°, and a
tip radius of 60 nm, respectively. In the diamond face turn-
ing using the round-nose diamond tool, the rotation speed of
the spindle is 2000 rpm, the DOC is 0.5 pm, and the feed is
1.0 pm/r. In the orthogonal cutting using the diamond tool
with straight cutting edge, the DOC is 200 nm and the cut-
ting speed is 30 mm/min. The machined surface morphology
is measured with a white light interferometer and atomic
force microscopy (AFM).

Fixture

R=0.1
Workpiece -

DOC=200nm
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2.2 Setup of In Situ SEM Cutting

In situ micro-cutting experiments were performed by
integrating a micro-cutting apparatus in SEM, where the
detailed description can be found elsewhere [32]. A diamond
tool with a straight cutting edge fabricated by focused ion
beam is especially used for the orthogonal cutting. In the
micro-cutting process, the tool is firstly penetrated into the
specimen to achieve a pre-determined DOC of 200 nm, and
then cuts the specimen surface with a constant cutting speed
of 1 pm/s until reaching a cutting distance of 6 pm.

2.3 CPFE Modeling of Orthogonal Cutting
of Crystalline Copper

Figure 3a shows a 2D CPFE model of orthogonal cutting,
which consists of a copper specimen and a diamond tool.
The specimen has a dimension of 12 pm in length and 5 pm
in width. The bottom and left sides of the specimen are com-
pletely fixed at space to prevent any rigid movement under
the action of cutting force. Linear quadrilateral elements
(CPE4) with an element size of 20 nm are adopted to mesh
the specimen, which transforms the three-dimensional cut-
ting with a straight cutting edge into a two-dimensional plain
strain problem. The diamond tool is set as an analytical rigid
body for its higher hardness than that of the copper speci-
men. In the cutting process, the diamond tool moves along
the negative X direction with a constant speed of 1 pm/s
and a constant DOC of 200 nm until a cutting distance of
6 pm is reached.

Figure 3b presents the constructed polycrystalline cop-
per specimen with random crystallographic orientations and
random grain sizes with the Neper software according to the
Voronoi algorithm [33]. The specimen consists of 12 indi-
vidual grains of convex polyhedrons with an averaged grain
size of 1.14 pm. While the utilized DOC in both experiments
and CPFE simulations of cutting is the same as 200 nm, a
smaller grain size of 1.14 pm in CPFE simulations than that
of 20 pm in experiments won’t substantially affect the cut-
ting behavior, and a small model can not only maintain high
accuracy but also greatly improve computational efficiency,
given the high computational cost of the implicit UMAT

Fig.3 a 2D CPFE model of (a)
orthogonal cutting. b Grain Y
configurations of polycrystalline
copper

Sample
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subroutine. To represent the crystal anisotropy, in the CPFE
model the constructions of both single crystalline and poly-
crystalline copper specimens are based on the mapping of
Euler angles derived from according EBSD characterization.
The CPCM is adopted to describe the anisotropy of crys-
talline copper by developing a corresponding UMAT user
subroutine in implicit analysis with the software ABAQUS
[28, 34], and the shear strain rate can be expressed as a rate-
dependent power-law proposed by Pan et al. [35].

3 Results and Discussion

3.1 Diamond Turning: Single Crystalline Versus
Polycrystalline

SPDT experiments of single crystalline and polycrystalline
copper using a round-nose diamond tool were performed.
Figure 4 presents machined surface morphologies of crystal-
line copper characterized with a white light interferometer.
Figure 4 shows that the single crystalline copper specimen
has a smaller surface roughness of 5.409 nm than that of
6.721 nm for the polycrystalline counterpart. Figure 4a
shows that the machined surface of single crystalline cop-
per has long-range uniform and consistent characteristics in
both cutting and feed directions. Furthermore, the deviation
of surface height fluctuating regularly in feed direction is
below + 10 nm. In contrast, Fig. 4b shows that the fluctua-
tion of machined surface height for the polycrystalline cop-
per is more pronounced than that for the single crystalline
counterpart. In spite of short-range continuous morphologies
within individual grains, there is no long-range uniformity
of surface finish observed.

Figure 5a further presents enlarged characterization of
machined surface morphology in the vicinity of GB for poly-
crystalline copper by AFM, in which the border of GB is
highlighted by a white dashed line. The similar AFM char-
acterization of single crystalline copper is also presented
in Fig. 5b for comparison purpose. In particular, Fig. 5a
demonstrates that there is an obvious transition border of
machined surface height on the GBs, and the fluctuation
of surface height in grain interior is also different for each
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Fig.4 Machined surface morphology measured by white light interferometer for a single crystalline and b polycrystalline copper specimen

Fig.5 Machined surface mor-
phology measured by AFM of
a polycrystalline and b single

crystalline copper

Cutting direction

grain. However, a continuous and uniform distribution of
surface height in cutting direction is observed for single
crystalline copper, as indicated by Fig. 5b. The observed
anisotropic characteristics of machined surface morphology
for polycrystalline copper can be primarily attributed to dif-
ferent degrees of elastoplastic deformation and recovery in
individual grains. The surface finish obtained during dia-
mond machining depends on many factors, such as machin-
ing parameters, diamond tool geometry, precision lathe, etc.
However, the GBs also have a strong impact on the ultimate
surface finish.

In addition to diamond face turning, orthogonal diamond
cutting experiments of single crystalline and polycrystalline
copper using a diamond tool with straight cutting edge are
also performed, with a particular interest on the effect of

Cutting direction

39.6nm

anisotropy on chip formation. Figure 6a, ¢ shows an SEM
image containing groove and chip in orthogonal diamond
cutting under a DOC of 0.2 pm for single crystalline and
polycrystalline copper specimen, respectively. Because the
diamond tool is inclined at 0.2° relative to the parallel line
due to the difficulty in tool position adjusting, the resultant
groove geometry is V-shaped. Furthermore, Fig. 6b, d pre-
sents an SEM image of an enlarged view of the chip profile
for a single crystalline and polycrystalline copper specimen,
respectively. Figure 6 shows that both the surface finish and
chip profile of single crystalline copper are significantly dif-
ferent from that of polycrystalline counterpart. Specifically,
continuous chip profile is observed for single crystalline
copper, and the chip-free surface is composed of regular
lamellae, which indicate that the cutting process is stable.
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Fig.6 SEM characterization of machined surface after orthogonal cutting. Machined surface morphology for a single crystalline and b polycrys-
talline copper; Enlarged view of chip profile for ¢ single crystalline and d polycrystalline copper

In contrast, the length of continuous chip fragments is sig-
nificantly decreased for polycrystalline copper, and there are
pronounced serrations of complex lamella structures on the
chip-free surface, which lead to easy folding of chip frag-
ments. Furthermore, fractured debrises are also visible on
the machined surface of polycrystalline copper. It is specu-
lated that the more complex chip profile for polycrystalline
copper than that for single crystalline counterpart is caused
by serious confinement of plastic deformation within grain
interiors by GBs. Thus, the surface finish is better for single
crystalline copper than that for polycrystalline counterpart.
In general, the existence of grains with different orienta-
tions and GBs jointly destroys the stability of cutting pro-
cess, which in turn affect chip profile and machined surface
morphology.

3.2 In Situ Cutting: Single Crystalline Versus
Polycrystalline

Figure 7a, b presents the workpiece—tool configuration after
in situ SEM cutting with a cutting distance of 6 pm for single

@ Springer

crystalline and polycrystalline copper, respectively. It is seen
from Fig. 7a that the chip profile of single crystalline copper
is generally continuous and flat, indicating that the plastic
deformation is dominated by uniform and tiny local shear
slip events. However, the chip profile of polycrystalline cop-
per consists of irregular serrated segmentations. As com-
pared to the chip profile for single crystalline copper, the
lamellar structure on the back chip-free surface becomes
more complicated and the chip thickness is also larger for
polycrystalline copper, which can be attributed to that the
formed chips are contributed by different plastic defor-
mation in adjacent grains with different crystallographic
orientations.

3.3 CPFE Simulation: Single Crystalline Versus
Polycrystalline

In addition to experimental investigations, CPFE simulations
of orthogonal diamond cutting are also carried out to get
in-depth insights into the anisotropy-dependent cutting of
crystalline copper. Figure 8 shows CPFE simulation results
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Fig.7 Chip profiles in in situ
microcutting experiment of
a single crystal copper and b
polycrystalline copper

of deformation behavior of polycrystalline copper at differ-
ent cutting distances, in which workpiece is colored accord-
ing to both von Mises stress and critical resolved shear stress
(CRSS).

Figure 8a, b shows that the distributions of von Mises
stress near the diamond tool and CRSS on formed chip for
cutting in Grain 1 interior are very similar to that for single
crystalline copper. This can be attributed to the blocking
effect of GBs on the evolution of the stress accumulation
by hindering propagation of dislocations from Grain 1 into
Grain 2, which thus leads to stress concentration on the GBs.
However, Fig. 8a indicates that GBs surrounding Grain 1

Fig. 8 The distribution of von
Mises stress (left row) and (@)
CRSS (right row) during cut-
ting processes of polycrystal-
line copper at different cutting
distances. Cutting distance: a, b
1.4 pm; ¢, d 3.2 pm; e, £4.0 pm

©)

©)

(b)

Back free surface of ¢

-

prevent further extension of von Mises stress at a certain
distance from the diamond tool, which results in the con-
finement of stress distribution within Grain 1. As shown in
Fig. 8c, the stress in front of the diamond tool expands along
the GBs between Grain 3 and Grain 9 when the diamond tool
is passing GB 1, and has the tendency to expand into the
interiors of Grain 7 and Grain 8. Thus, it suggests that GBs
act as both sinks for blocking dislocation motion and sources
for dislocation nucleation. When the cutting is performed
in Grain 2, Fig. 8e shows that new distribution pattern of
von Mises stress is generated accompanied by the synergetic
deformation between neighboring grains. At the same time,

S.Mises CRSS
/MPa /MPa
480 1456
240 920
0 384
S.Mises (D CRSS
/MPa /MPa
480 L 1464
924
384
S.Mises CRSS
/MPa /MPa
480 1448
240 916
0 384
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CRSS distribution shown in Fig. 8f also indicates different
chip profiles between Grain 2 and Grain 1. As shown in
Fig. 8a, b, the shear angle during the cutting process is vari-
able with crystallographic orientation. Specifically, the value
of shear angle is 21.5° for Grain 1 and 16.9° for Grain 2. As
a result, the formed chip in Grain 2 has a larger thickness
than that in Grain 1.

Figure 9 shows distribution maps of both von Mises
stress and CRSS of single crystalline copper and polycrys-
talline copper at the same cutting distance of 6 pm. It can
be observed from Fig. 9a that for single crystalline copper,
the maximum value of von Mises stress firstly occurs near
the cutting edge, and then gradually decreases along two
directions. While the material is mainly pressed by the tool
feeding in direction 1, in direction 2 the material affected
by the ploughing effect forms the machined surface after
the tool pass. As compared to single crystalline copper, the
stress distribution in polycrystalline copper shown in Fig. 9b
clearly demonstrates that grain structure has a significant
effect on stress distribution pattern. Specifically, the exten-
sion of stress is blocked by GBs, which leads to significant
stress concentration in the vicinity of GBs.

Figure 9c shows CRSS distribution in single crystalline
copper, which indicates that severe plastic deformation in
chip profile forms primary shear zone (PSZ) and regular chip
lamellar. For the cutting process of polycrystalline copper,
however, Fig. 9d shows that the neighboring Grain 1 and
Grain 2 have totally different plastic deformation accompa-
nied by different crystallographic orientations. The variation
of PSZ with crystallographic orientation during chip forma-
tions indicates that complex chip lamellar occurs in diamond
cutting of polycrystalline copper, which is consistent with
experimental observation of chip profile in diamond cutting
experiments.

Fig.9 Distribution of von
Mises stress for a single crys-
talline and b polycrystalline
copper; Distribution of CRSS
for ¢ single crystalline and d
polycrystalline copper

©)

@ Springer

Figure 10 plots variations of cutting force and surface
height (i.e., height change from the initial position) with
cutting distance in CPFE simulations of diamond cutting of
single crystalline and polycrystalline copper. While Fig. 10a
shows that cutting force for single crystalline copper fluctu-
ates around a constant value of 85 mN in stable cutting stage
after initial rapid increase, Fig. 10c also demonstrates that
the corresponding surface height changes regularly in the
middle stage of the cutting process. However, when cutting
is performing in polycrystalline copper, the variations of
cutting force and surface height in Grain 1 and Grain 2 are
dramatically different. Specifically, the cutting force in Grain
1 possesses more pronounced fluctuation events but around a
smaller constant value than that in Grain 2. Furthermore, the
fluctuation of surface height in Grain 1 is more pronounced
but with a smaller fluctuation amplitude than that in Grain 2.
The significantly different machining characteristics between
neighbor grains are attributed to grain anisotropy accompa-
nied by different crystallographic orientations.

4 Conclusions

In summary, we perform experiments and CPFE simula-
tions of ultra-precision diamond cutting of single crystalline
and polycrystalline copper, aiming to reveal the impact of
material anisotropy on the cutting processes. Experimental
results of diamond face turning and orthogonal cutting, as
well as in situ SEM orthogonal cutting, jointly demonstrate
that both surface finish and chip profile of polycrystalline
copper is significantly different from that of single crystal-
line counterpart. Specifically, while single crystalline copper
possesses a long-range uniform surface finish, the machined
surface morphology of polycrystalline copper exhibits a

. (b) .
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240
0
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local uniformity within individual grain interior but a long-
range anisotropy over individual grains. Furthermore, the
chips formed in the cutting of polycrystalline copper are
composed of serrations of complex lamella structures, in
contrast to the long continuous chip obtained in cutting of
single crystalline copper. The experimental finds above are
validated by the prediction results from CPEF simulations.
CPFE simulations based on stress analysis further reveal
that the anisotropy influence is closely associated with the
different degrees of elastoplastic deformation and recovery
in individual grains, as well as the role of GBs playing in the
confinement and initiation of plasticity.
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