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hanism in copper studied using in
situ TEM nanoindentation†

Dong Wang,ab Zhenyu Zhang, *a Dongdong Liu,*a Xingqiao Deng,*c Chunjing Shi,d

Yang Gu,e Xiuqing Liu,e Xiaoyu Liue and Wei Wenf

Copper (Cu) has a soft-plastic nature, which makes it susceptible to damages from scratching or abrasive

machining, such as lapping and polishing. It is a challenge to control these damages as the damage

mechanism is elusive. Nonetheless, controlling damages is essential, especially on the atomic surfaces of

Cu. To interpret the damage mechanism, in situ transmission electron microscopy (TEM)

nanoindentation was performed using a cube-corner indenter with a radius of 57 nm at a loading speed

of 5 nm s−1. Experimental results showed that damages originate from dislocations, evolve to stack

faults, and then form broken crystallites. When the indentation depth was 45 nm at a load of 20 mN,

damages comprised dislocations and stacking faults. After increasing the depth to 67 nm and load to 30

mN, the formation of broken crystallites initiated; and the critical depth was 67 nm. To validate the

damage mechanism, fixed-abrasive lapping, mechanical polishing, and chemical mechanical polishing

(CMP) were conducted. Firstly, a novel green CMP slurry containing silica, hydrogen peroxide, and

aspartic acid was developed. After CMP, a surface roughness Ra of 0.2 nm was achieved with a scanning

area of 50 mm × 50 mm; and the thickness of the damaged layer was 3.1 nm, which included a few

micro-stacking faults. Lapping and mechanical polishing were carried out using a silicon carbide plate

and cerium slurry, with surface roughness Ra values of 16.42 and 1.74 nm, respectively. The damaged

layer of the former with a thickness of 300 nm comprised broken crystallites, dislocations, and stacking

faults and that of the latter with a thickness of 33 nm involved several stacking faults. This verifies that

the damage mechanism derived from in situ TEM nanoindentation is in agreement with lapping and

polishing. These outcomes propose new insights into understanding the origin of damages and

controlling them, as well as obtaining atomic surfaces using a novel green CMP technique for soft-

plastic metals.
Introduction

Copper materials are widely used in high-precision and cutting-
edge technologies, such as electronic information, military
defense, aerospace, and new energy, owing to their excellent
electrical conductivity, thermal conductivity, and
processability.1–7 However, copper exhibits processing
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characteristics such as low hardness, signicant plastic defor-
mation, susceptibility to temperature effects, high adhesion,
easy wear, and susceptibility to surface scratches.8–11 These
characteristics make copper materials prone to substantial
damage and defects on the surface during high-precision pro-
cessing. Besides, the crystalline structure of the subsurface of
the workpiece changes aer high-precision processing, espe-
cially in terms of thermal, stress, and aging deformation.
Consequently, the processing quality and precision of copper
cannot be guaranteed, and this can adversely affect the
dimensional accuracy and mechanical properties of copper
devices, especially impacting their service life.12–14 Therefore, to
minimize the impact of processing damage on material prop-
erties and service life, it is essential to study the formation and
evolution of damage during high-precision processing.

In high-precision machining, various types of tools and
machining processes are employed. The cutting depth and load
generated by these machining processes are different, resulting
in distinct surface damages (damage depth, damage structure,
and damage forms).15–17 For example, the stresses induced
© 2024 The Author(s). Published by the Royal Society of Chemistry
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during grinding operations can attain levels in the gigapascal
(GPa) range and the damage depth is of the micron level.
However, the stresses produced by CMP remained at the meg-
apascal (MPa) scale and the depth of the damage was at a nano
level.18,19 Scholars discovered a certain correlation between the
generated damages and the cutting depth. Consequently, the
concept of minimum cutting thickness was proposed.20,21

Cutting parameters, including cutting depth, are the key factors
inuencing the cutting thickness. Therefore, scholars investi-
gated the variations of cutting force, surface roughness, plastic
deformation layer, and subsurface damage depth with changes
in processing conditions. For example, Wang et al.22 studied the
structural distribution and evolution of subsurface defects
during single-crystal copper nano-cutting processes. By
analyzing dislocation evolution and atomic migration, the
formation mechanisms of chips and machined surfaces were
explored.

Apart from studying the inuence of cutting parameters on
damage, scholars have also explored the formation and evolu-
tion of damaged structures through experiments and simula-
tions.23,24 Among them, molecular dynamic simulations provide
an effective method for investigating subsurface defects and
their evolution mechanisms. In the process of molecular
dynamics simulation for high-precision machining, pioneering
research mainly focuses on defect nucleation, dislocation
emission, and defect evolution. Zimmerman et al.25 analyzed
dislocation emission during nanoscale indentation and simu-
lated the nucleation andmotion of dislocations. Inamura et al.26

studied the mechanism of chip formation and slip deformation
in crystalline coppermaterials, indicating that chip formation is
primarily caused by macroscopic shear slip deformation during
nanomachining processes. Besides, in situ TEM is also an
advanced technique used to study the deformation mecha-
nisms of copper. For example, Voisin et al.27 presented for the
rst time direct, experimental observations of the nucleation,
motion, and interaction of defects and cracks during defor-
mation of pure copper at strain rates between 103 and 104 s−1.
The deformation mechanism was analyzed at different strain
rates. Kiener et al.28 investigated the mechanical properties of
multiple slip oriented single crystal Cu(100) compression
samples to shed light on size-dependent yield and hardening
behavior at small scales using in situ TEM. Moreover, nano-
indentation and scratching could be regarded as a type of high-
precision machining with a negative rake angle. Depending on
the angle, chips or plows can form in front of the diamond tip.29

Molecular dynamics simulations have also shown similarities
between nanoscale scratching and high-precision machining.
Therefore, nanoindentation and scratching have been widely
used to predict the forces, specic energy, andmicrostructure of
various materials.30–33 For instance, aer nanoindentation, sub-
surface features such as dislocation loops and shear bands can
be observed in single-crystal copper.34 However, the damage
detection technology in actual high-precision machining limits
our full understanding of the damage evolution process.
Experimental measurements of the relationship between the
cutting depth and the microstructure and structural evolution
of the workpiece are necessary but do not exist in the literature.
© 2024 The Author(s). Published by the Royal Society of Chemistry
In this work, in situ TEM nanoindentation was performed to
research the origin and evolution of damage. The damage
mechanisms were analyzed. Three types of processing tech-
niques, lapping, mechanical polishing, and chemical mechan-
ical polishing, were used to obtain the copper surfaces with
varying cutting depths to elucidate the damage mechanism. In
the experimental process, a xed-point positioning sampling
method was employed to detect and analyze the surface and
subsurface defects and damages, which helped establish the
corresponding relationship between the defect types and
cutting depths. Furthermore, the correlation between process-
ing damage and cutting depths was established.
Materials and methods
Materials

The copper specimens that were employed to study damage
structure evolution in this study were generously supplied by
the China Academy of Engineering Physics. These specimens
exhibited dimensions measuring 100 mm × 50 mm × 10 mm.
In order to create the lapping and polishing samples, these
specimens were meticulously sectioned into square wafers
measuring 20 mm × 20 mm × 10 mm, utilizing a wire-cutting
tool. For the production of lapping, mechanical polishing,
and chemical mechanical polishing samples, a meticulous
procedure was followed. Three specimens were skillfully affixed
onto a polishing plate to ensure a uniform distribution. The
wafer renement process was effectively executed utilizing an
automated, pressure-based polish-grinding apparatus known as
the UNIPOL-1200S, manufactured by Shenyang Kejing Auto-
Instrument Co., Ltd. in China.
Experimental methods

In situ indentation was employed to study the damage-
formation mechanism during machining processes. Before
indentation, an indentation specimen measuring 10 mm in
length, 5 mm in width, and 2 mm in thickness was prepared
using a focused ion beam (FIB) cutting technique. Subse-
quently, this TEM specimen was carefully mounted onto
a copper (Cu) grid to undergo further thinning through FIB
technology. The specimen's thickness was reduced to 100 nm,
achieving the desired thickness for TEM characterization. This
thinning process was accomplished using a sequence of three
electron beams, each operating at different voltages and current
settings: rst at 30 kV and 120 pA, then at 30 kV and 50 pA, and
nally at 5 kV and 20 pA. In situ TEM nanomechanical testing
was performed utilizing a PI 95 TEM PicoIndenter (Bruker,
Germany) employing a load control mode, and a cube-corner
indenter with a tip radius measuring 57 nm. The load rate
was 5 nm s−1.

The surface damage behavior induced by the three
processes, namely consolidated abrasive lapping, mechanical
polishing, and chemical mechanical polishing was investigated
to validate the damage mechanism of copper material during
high-precision machining, in the consolidated abrasive lapping
process, the SiC lapping plate was affixed to the spindle to grind
Nanoscale Adv., 2024, 6, 2002–2012 | 2003
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copper wafers. Various grades of lapping plates with different
grit sizes (2000 and 4000) were utilized, which enhanced the
surface accuracy of the samples. The duration of the lapping for
each grit size was 2 and 4 minutes, respectively. The lapping
process was conducted with the lapping pressure carefully
adjusted to 20 kPa, ensuring optimal conditions. Simulta-
neously, the rotational speed of the lapping plate was precisely
set to 70 rpm, following the programmed specications.
Deionized water was used as the lapping slurry. Subsequently,
the wafers underwent a thorough cleansing process utilizing
deionized water, followed by a drying procedure employing
compressed nitrogen.

For the mechanical polishing step, the SiC lapping plate was
employed as a replacement for ceria polishing slurry at
a concentration of 1 wt%, resulting in an improvement in the
quality of surface quality. Both the samples and the polishing
spindle were set to rotate at a speed of 100 rpm. A consistent
pressure of 0.2 MPa was applied, and the polishing slurry ow
rate was maintained at 5 mL min−1. The total polishing dura-
tion was 5 minutes. Post-polishing, any residual polishing
slurry on the surface was effectively removed using deionized
water to ensure thorough cleansing. Subsequently, the surface
was carefully dried using nitrogen to create optimal conditions.

For the chemical mechanical polishing step, a novel slurry
was developed to achieve an exceptionally smooth surface. This
slurry composition comprised 1 wt% silica abrasive, 2 wt%
hydrogen peroxide, and 0.45 wt% aspartic acid. During the CMP
process, wafers were rotated at a rate of 70 rpm. A pressure of 20
kilopascals was applied, and the slurry was delivered at a ow
rate of 8 milliliters per minute. The entire polishing operation
lasted for 10 minutes.
Characterization

The surfaces that underwent lapping and polishing were
meticulously analyzed utilizing advanced scientic instru-
ments. The optical microscope (MX 40, Olympus, Japan) was
employed to scrutinize the processed surfaces. For a compre-
hensive evaluation of polishing surface quality, a three-
dimensional optical surface prolometer (Zygo NewView 9000,
USA) was utilized. The damage incurred on the surfaces as
a result of the lapping and polishing procedures was thoroughly
examined using the Titan Themis G3 environmental trans-
mission electron microscope (ETEM, Thermo Fisher Scientic,
USA). In order to safeguard the processing wafers while
preparing the TEM samples, conductive silver adhesives were
carefully applied to their surfaces. Aerward, the lapping and
polishing surfaces were utilized to prepare cross-sectional TEM
specimens employing the focused ion beam technique (Helios
G4 UX, Thermo Fisher Scientic, USA).
Results

In situ TEM nanoindentation was performed to interpret the
damage mechanism of the copper surface during machining.
Fig. 1 shows a series of video snapshots during in situ nano-
indentation of single-crystal copper nanoplates under a range of
2004 | Nanoscale Adv., 2024, 6, 2002–2012
applied loads. Prior to indentation, the sample surface
remained at. As depicted in Fig. 1(a), upon applying a load of
20 mN with a depth of 45 nm, slight irreversible plastic defor-
mation occurred on the sample surface, along with the
appearance of a minor zigzag in the load–displacement curve
(Fig. 1(d)). These features are attributed to dislocation and
stacking fault formation, sudden stress release, and instanta-
neous load drop.35 TEM imaging conrmed that plastic defor-
mation occurred in the indentation area without the formation
of new grains at 20 mN, as shown in Fig. 1(a). Continuing to
increase the load to 30 mN, Fig. 1(b) marks the onset of small
grain formation within the single crystal, observed at the tip of
the diamond indenter. A nano-sized grain is evident within the
sample, indicated by the blue dashed line in Fig. 1(b), and
a sudden load drop was observed in the load–displacement
curve, indicating grain breakage in the single-crystal nanoplate
at a depth of 67 nm under 30 mN. Further increasing the load to
80 mN, corresponding to a displacement of 219 nm, as shown in
Fig. 1(c), the nanoplate experienced severe plastic deformation
accompanied by the generation of new grains. Moreover, the
serrated features observed on the load–displacement curve are
a result of signicant grain fragmentation. With further
increases in the load, plastic deformation primarily occurred
during the ‘ab’ stage, accompanied by grain fracture. In the ‘bc’
stage, due to excessive loading, the entire nanoplate sample
undergoes overall elastic deformation, along with plastic
deformation. The stiffness during the ‘bc’ stage is greater than
that during the ‘ab’ stage. Finally, during the ‘cd’ stage, the
plastic deformation of the sample further increases, and severe
irreversible plastic deformation occurs in the indentation area.
Loading was concluded when the displacement reached
900 nm.

As stress levels escalated, the damaged area witnessed an
initial onset of dislocation motion and the emergence of
stacking faults. Subsequently, grain fracture took place. Stress
during the sample loading process was meticulously calculated.
As illustrated in Fig. 1(d), grain fracture occurred in mono-
crystalline nanoplate when the load reached 30 mN, corre-
sponding to a displacement of 67 nm. In the realm of
nanoindentation experiments, the equation employed to
calculate the stress is as follows36

Sp = P/Ac (1)

‘P’ represents the peak load, while ‘Ac’ denotes the projected
area of contact. It is important to note that the indenter used in
nanoindentation features a cube-corner tip, and the value of ‘Ac’
is explicitly expressed as37

Ac ¼ 3
ffiffiffi
3

p
hc

2 tan2 q ¼ 2:6hc
2 (2)

where ‘hc’ represents the contact depth, and ‘q’ denotes the face
angle. The stress value of 2.57 GPa was determined using eqn (1)
and (2).

To further substantiate the above experimental results,
a high-resolution observation of the damaged area was con-
ducted. Fig. 2 presents an analysis of the damage structure of
single-crystal copper nanoplates under different loads during
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Snapshots of TEM images of the nanoindentation area at sequential loads of (a) 20, (b) 30, and (c) 80 mN; (d) load–displacement curve of
nanoindentation.
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the in situ nanoindentation process. As shown in Fig. 2(a),
before indentation, the sample surface remained single-
crystalline, with a 2 nm amorphous layer originating from the
FIB processing damage. Moreover, the inset of Fig. 2 further
illustrates that the sample presents a monocrystalline state
before indentation. In Fig. 2(b), the crystal plane on the vertical
surface is (220), indicating that the loading direction is h220i
orientation. In Fig. 2(c), when a load of 20 mN was applied, upon
magnication of the indented area, a high density of disloca-
tions can be observed beneath the indentation. These disloca-
tions are distributed within a semi-spherical three-dimensional
plastic deformation zone, indicating severe plastic deformation
in the region near the center of the indenter. This plastic
deformation zone has also been observed in other metals and
alloys, consistent with the traditional nanoindentation plas-
ticity theories.38–40 Further magnication of the region near the
indenter center revealed a signicant number of stacking faults
with a width of 3 to 4 atomic plane spacings (Fig. 2(d)). As the
load increases to 30 mN, high-resolution characterization of the
damaged surface, as shown in Fig. 2(e), revealed a larger grain
on the upper right side of the indented area, as marked by the
yellow dotted line. Further, the fast Fourier transform (FFT)
pattern presents multiple sets of diffraction spots (inset of
Fig. 2(e)). This suggests that at 30 mN, the damage mechanism
in the indented area transitions from stacking faults to grain
fragmentation. When the load reaches 80 mN, structural
© 2024 The Author(s). Published by the Royal Society of Chemistry
characterization of the damaged region, as shown in Fig. 2(f),
reveals multiple fractured grains at the center of the indenta-
tion. The FFT pattern shows polycrystalline characteristics
(inset of Fig. 2(f)). This indicates that with increasing stress,
larger grains further undergo fragmentation and transform into
smaller grains, namely, grain renement.

To validate the machining damage mechanism, three typical
processing techniques, lapping, mechanical polishing, and
chemical mechanical polishing, were conducted. Fig. 3 illus-
trates the surface quality and topographical characteristics aer
consolidated abrasive lapping, mechanical polishing, and CMP
processes. As depicted in Fig. 3(a), aer lapping, numerous
intersecting scratches were evident, characterized by a relatively
signicant depth. Surface roughness measurements were con-
ducted using a 3D optical prolometer. The surface roughness
parameters, namely Ra (arithmetic mean height), Rq (root mean
square height), and Rz (maximum height) were determined to
be 16.42 nm, 21.01 nm, and 165.79 nm, respectively. These
measurements were obtained over a scan area of 50 mm× 50 mm
(Fig. 3(d)). Upon completion of polishing with ceria slurry,
a remarkable reduction in the number and intensity of
scratches was observed (Fig. 3(b)). Additionally, an assessment
of the surface quality was carried out, revealing surface rough-
ness of Ra, Rq, and Rz of 1.74 nm, 2.63 nm, and 28.79 nm,
respectively. Aerward, utilizing an innovative polishing slurry,
an exemplarily smooth copper surface was successfully
Nanoscale Adv., 2024, 6, 2002–2012 | 2005



Fig. 2 HRTEM images of the damage evolution process at sequential loads of (a and b) 0, (c and d) 20, (e) 30, and (f) 80 mN. The insets of (a), (e),
and (f) show the respective FFT patterns.

Nanoscale Advances Paper
obtained without scratches. The treated surface displayed an
immaculate mirror-like smoothness, devoid of any indications
of scratch-induced harm or corrosion marks. The surface
roughness parameters for the polished copper, specically Ra,
Fig. 3 Optical images of the copper wafer after (a) lapping with consolida
with a novel CMP slurry. Surface roughness and morphologies measured
and (f) CMP.

2006 | Nanoscale Adv., 2024, 6, 2002–2012
Rq, and Rz, were measured to be 0.20 nm, 0.26 nm, and
1.65 nm, respectively, over a scanning area of 50 mm × 50 mm.

Directly observing surface damage provides compelling
evidence for surface processing. TEM technique could be
utilized to scrutinize sub-surface damage as well as surface
ted abrasive, (b) mechanical polishing with ceria slurry, and (c) polishing
using a ZYGO profilometer after (d) lapping, (e) mechanical polishing,

© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 4 TEM characterization of copper subsurface after lapping. (a) A low magnification TEM image of subsurface damage, (b) an enlarged TEM
image of the damaged area, (c and d) high-resolution TEM images obtained to visualize the damaged area, with distinct damage types corre-
sponding to specific zones marked by cyan (c) and yellow (d) squares. The insets in (a) and (b) are their SAED patterns.
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defects.41,42 Fig. 4 presents the TEM results for lapping with
consolidated abrasive. In Fig. 4(a), the TEM investigation
unveiled that the thickness of the lapping-induced damaged
layer was 300 nm. Before lapping, the copper sample demon-
strated a remarkably monocrystalline state, as visually depicted
in the inset of Fig. 4(a). Nevertheless, following the lapping
procedure, a transition from a monocrystalline pattern to
a polycrystalline state was observed in Fig. 4(b), which indicates
grain breakage happening during lapping. The damaged area
was further analyzed to gain deeper insights into the damage
types that arose from the lapping process. In the lower lemost
region of the damage site, monocrystal structural breakage
occurred due to the presence of high abrasive stress. This
resulted in the emergence of conspicuous moiré fringes and
grain boundaries, as indicated by the green arrows and dotted
line in Fig. 4(b). These fringes originate from the overlapping
and intersection of two crystalline grains.43 Additionally, within
the fractured crystal grains (Fig. 4(c)), regions of severe lattice
distortion became apparent. Moving further into the interior of
the damaged layer, as the abrasive stress diminishes, a distinct
dislocation becomes discernible, clearly delineated by the
© 2024 The Author(s). Published by the Royal Society of Chemistry
yellow square (Fig. 4(d)). The inverse fast Fourier transform
(IFFT) image, focusing on the region indicated by the yellow
square in Fig. 4(b), unveils the presence of edge dislocations
within the inner zone of the damaged layer.

In short, the damaged layer encompasses a variety of
components, namely moiré fringes, grain boundaries, and edge
dislocations. Within the outermost portion of the damage layer,
the predominant form of damage consists of fractured grains.
Nevertheless, by delving deeper into the damaged layer, defects
assume a more signicant role.

Mechanical polishing is a precision polishing technology,
that mainly relies on very ne polishing powder or polishing
slurry lapping, rolling action, removing a layer of extremely thin
material on the surface of the sample until the required
smoothness is reached.44 Fig. 5(a) shows the TEM image of ceria
abrasive particles, indicating uniform dispersion of ceria.
Particle size statistics revealed a normal distribution for ceria
particles, with an average abrasive diameter of 148 nm
(Fig. 5(b)).

Aer performing mechanical polishing, the investigation of
subsurface damage at the atomic scale was performed using
Nanoscale Adv., 2024, 6, 2002–2012 | 2007



Fig. 5 (a) TEM image and (b) particle size distribution of CeO2 abrasives.
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TEM. A lowmagnication TEM image presents a cross-sectional
perspective of a mechanically polished surface, demonstrating
ameasured damage layer thickness of 33 nanometers (Fig. 6(a)).
Additionally, the polished surface retained its monocrystalline
structure (inset in Fig. 6(c)). Furthermore, the structure of the
damage layer was observed. As depicted in Fig. 6(b), sporadic
defects, including twin structures and stacking faults, were
evident in the inner region. Notably, the width of these twin
structures was measured at approximately 4.23 nm. The
formation of an ordered periodic structure, as demonstrated in
Fig. 6(d), was initiated through the alignment of the AB-type
structure of two (111) planes within the supercial region,
resulting from the vast stacking fault structure. In short, as the
depth of the damage layer increases, the stress experienced by
the sample gradually decreases, and the defect density also
decreases accordingly.

Aer conducting CMP, a TEM cross-section sample was
meticulously prepared by employing FIB technology, enabling
an in-depth analysis of the damage incurred during the pol-
ishing process. As illustrated in Fig. 7(a), a protective layer was
strategically employed to shield the damaged layer from the
potentially deleterious effects of the ion beam. Within the
subsurface realm of the copper sample, a remarkable preser-
vation of its single-crystal state was observed, as vividly pre-
sented in the inset of Fig. 7(b). Subsequently, upon scrutinizing
the damaged area with precision, it was determined that the
thickness of the damaged layer on the polished copper wafer
was measured at a mere 3.1 nm, as depicted in Fig. 7(b).
Furthermore, diverse damaged areas at distinct locations were
meticulously characterized, revealing the presence of stacking
faults composed of single-layer atoms, as impeccably exempli-
ed in Fig. 7(c). Fig. 7(d) offers valuable insights into the core
structure of twins, each measuring approximately 2 nm in
length. To comprehensively assess the stress introduced by the
polishing process, a microstrain analysis was conducted on the
high-resolution TEM image employing geometric phase anal-
ysis (GPA) techniques, as elaborated in prior studies.45,46 The
strain maps meticulously charted the variations along [11�1] and
2008 | Nanoscale Adv., 2024, 6, 2002–2012
[200] directions (Fig. 7(b)). Within these strain maps, regions
colored blue denoted compressive strain, whereas red and
green regions signied tensile strain and an absence of strain,
respectively. Notably, a conspicuous variation in strain was
particularly pronounced along the [11�1] direction, whereas the
[200] direction exhibited a notable lack of substantial stress
distribution (3xx in Fig. 7(e)). It is worth mentioning the pres-
ence of a considerable degree of compressive stress between the
(11�1) planes (3yy in Fig. 7(f)). The ndings highlight that the
CMP technology generates processing stress, notably mani-
festing in a direction parallel to the wafer's surface.
Discussion

Nanoindentation is a common technology that is used to study
the deformation mechanisms. Since Nix and Gao et al.47

proposed the geometric necessity dislocation (GND) based on
single crystal metal materials in 1998, the study of the universal
model and nanoindentation mechanism has attracted extensive
attention. Nanoindentation offers signicant potential in
unraveling the intricate atomic rearrangements occurring
under stress. This potential spans from comprehending defect
evolution within small material volumes to tracking the move-
ment and formation of specic imperfections, such as lattice
dislocations or shear bands.48 In high-precision machining, the
formation of subsurface and surface damage in workpieces is
primarily caused by the interaction between the cutting edge on
the trailing cutting face and the workpiece, involving contact,
compression, and shearing actions.49 Although experimental
conditions (e.g., the stress level, indenter shape, grain
morphology of the polishing agent, etc.) were different during
high-precision machining, researchers typically widely adopt
the slip-line eld theory to establish cutting models and
calculate cutting forces.50 Meanwhile, scholars have observed
that in high-precision machining processes, the normal force
plays a crucial role in inuencing material plastic deformation
and damage formation. Hence, nano-indentation experiments
© 2024 The Author(s). Published by the Royal Society of Chemistry



Fig. 6 (a) TEM characterization of the copper subsurface after mechanical polishing. (a) The low magnification TEM image of subsurface
damage, (b) enlarged TEM image of the damaged area, (c) a SAED pattern of (a), and (d) HRTEM image of the green square in (b).
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can also be employed to investigate the formation and evolution
of damage during the mechanical machining process.

In high-precision machining, the processing precision of
consolidated abrasive lapping, mechanical polishing, and
chemical mechanical polishing gradually improves. As a result,
the cutting depth and load generated by these processing
techniques decrease step by step, leading to signicantly
different surface damage, damage depth, damage structure,
and damage forms.51 During the lapping process of the
consolidated abrasive, the stress on the copper surface exceeds
the GPa level.18 When an external load is applied to a sample, in
the actual crystal, the dislocation's slip encounters numerous
resistances. As a dislocation with a Burgers vector moves within
the crystal, it transitions from one symmetric position to the
other symmetric position. When the dislocation is at these
symmetric positions, it is in equilibrium, with lower energy.
However, between the symmetric positions, the energy
increases, which creates resistance to the dislocation's move-
ment. Therefore, as the dislocation moves, a force is needed to
© 2024 The Author(s). Published by the Royal Society of Chemistry
overcome the lattice resistance and surpass the energy barrier,
and this force is known as the Peierls force. It represents the
shear stress required for the onset of dislocation slip, and the
equation for Peierls force is as follows,52

sp ¼ G
2

1� y
exp

�
2p

y� 1

h

b

�
(3)

where ‘G’ is the shear modulus, ‘b’ is the magnitude of Burgers
vector, n is Poisson's ratio, and ‘d’ is the spacing of a glide plane.
G is determined as53

G ¼ E

2ð1þ yÞ (4)

The lattice constant of single crystal copper is 0.361 nm, and
its elastic modulus ‘E’ in the h110i crystal direction within the
{111} plane is 137 GPa.54 The corresponding Poisson's ratio ‘n’ is
0.33. The ratio between the slip plane ‘h’ and the Burgers vector
‘b’ for the {111}h110i slip system is 1.41.55 According to eqn (3)
Nanoscale Adv., 2024, 6, 2002–2012 | 2009



Fig. 7 TEM characterization of the copper subsurface after chemical mechanical polishing. (a) A low-magnification cross-sectional TEM image
of subsurface and surface damage, (b) enlarged TEM image of the damaged area, (c and d) HRTEM images of different structure defects in
different damaged regions, strains maps (e) 3xx and (f) 3yy obtained by GPA. The inset in (b) shows the SAED pattern of (b).

Fig. 8 Diagram of damage evolution under different process

Nanoscale Advances Paper
and (4), the Peierls stress is calculated to be 0.28 MPa. Conse-
quently, before the emergence of new grains, dislocation
motion must have occurred. Furthermore, in order to conrm
that crystal slip processes occur before grain fragmentation,
a further calculation of the critical shear stress was conducted.
The critical shear stress is theminimum shear stress required to
initiate slip within a slip system. According to existing litera-
ture, the critical shear stress for the activation of {111}h110i slip
system is reported to be 170 MPa,56 a value signicantly lower
than the average stress experienced in the indentation region.
In summary, during the single-crystal nanoindentation process,
dislocation motion occurs rst, leading to the formation of
stacking faults and subsequently resulting in the fracture of
crystalline grains.

Cutting depth is a crucial parameter that affects the quality
of machining surfaces and the structure of the damage layer.
According to the above experimental results, a relationship
between the cutting depth and the damage generated during
precision machining is established. The cutting depth for
different processes was calculated, with specic details
explained in the ESI.† The surface damage layer produced by
the lapping process contains defects such as lattice distortions,
broken grains, and edge dislocations. The surface of the sample
was subjected to higher lapping stress, resulting in more severe
damage, with a large number of broken grains in the damaged
layer. The subsurface, on the other hand, experiences lower
lapping stress, leading to relatively lower damage, characterized
2010 | Nanoscale Adv., 2024, 6, 2002–2012
by the presence of numerous crystal defects such as high-
density stacking faults in the damaged layer (Fig. 8). During
the mechanical polishing process, the stress on the copper
surface exceeds the MPa level.19 The damaged layer contains
a signicant amount of dislocation structures, and the density
of dislocations decreases with increasing depth of the damaged
layer. Moreover, in chemical mechanical polishing, copper
atoms are collectively removed under mechanical and chemical
action, forming micro-stacking faults composed of only a few
atomic layers on the surface (Fig. 8). In high-precision
machining, severe damage caused by broken grains signi-
cantly affects the surface quality and material mechanical
conditions.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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properties of copper devices. It is essential to avoid such
damage in practical machining processes. The in situ nano-
indentation technique, employed in this study, determines the
critical depth required for grain breakage to be 67 nm.
Conclusions

In summary, in situ TEM nanoindentation was employed to
investigate the machining damage mechanism. TEM results
showed that damages originate from dislocations, evolving to
stack faults, and then causing broken crystallites. Moreover, the
critical depth required for the transformation of defects such as
dislocations and stacking faults into fractured grains was
67 nm, corresponding to an indentation stress of 2.57 GPa. The
surface quality and damaged structure of the copper surface
were investigated separately using three different techniques,
namely consolidated abrasive lapping, mechanical polishing,
and chemical mechanical polishing based on the differences in
processing precision. Results indicate that the surface rough-
ness aer processing with lapping, mechanical polishing, and
chemical mechanical polishing techniques were 16.42 nm,
1.74 nm, and 0.20 nm, respectively, within a measured area of
50 mm × 50 mm. Through TEM analysis, we revealed that the
structure within the subsurface damage evolves from fractured
grain structures to dislocation and micro-twin structures. This
research can provide a theoretical foundation for controlling
damage in high-precision machining.
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25 O. Rodŕıguez de la Fuente, J. A. Zimmerman, M. A. González,
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