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Abstract: Physiochemical effect on the machining of pure copper is studied via microstructure 

characterization on the cross-sectioned microgroove. An obvious decreased cutting force and thrust force 

were obtained with the application of surfactant. The surface roughness of microgroove with 

physiochemical effect is 12 nm, and that without physiochemical effect is 17 nm. The average grain size 

of the medium-affected sample is 67.9 μm within the microgroove zone, and that of the medium-free 

sample is 48.3 μm within the microgroove zone, moreover, the grain size of medium-free microgroove 

near the microgroove surface is larger than that far away from the microgroove surface. Additionally, the 

grain orientations of medium-affected cross-sectioned surface present anisotropy, while that of medium-

free cross-sectioned surface are towards {101} direction. Based on the calculation and analysis of 

geometrically necessary dislocation, it can be inferred that the induced stress and temperature in the 

sample with physiochemical effect are higher than that without physiochemical effect, which can provide 

enough driving energy for recrystallization. 
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Ultraprecision microcutting began in the middle of 21th century for electronics, energy and national 

defense applications to produced nano-scale finishing and submicron shape precision in complex 

structures. To date, the precision resolution can reach to 5 nm, the advantages for applications expand to 

the biomedicine [1], electronics [2,3] and optical fields [4,5], involving extensive engineering materials, 

aluminum, copper, titanium and additive manufacturing alloys. 

Presently, more and more attention has been paid to the application of chemical medium to improve 

properties of metal machining, which significantly improve the finished surface quality [6,7]. Surfactants 

play an important role in microcutting process to enhance the heat dissipation generated by friction and 

support chip transfer from the machining zone. The application of surfactants cause surface chemical 

adsorption effect, such as the Kramer, and Rehbinder effects [8-10]. Rehbinder effect (R-effect) is the 

most studied mechanochemical phenomenon on metal microcutting, which means the reduction in 

surface energy and crack initiation of the metal surface by chemical adsorption. The decreased surface 

energy usually leads to macro variations during microcutting, such as sharp reduction of cutting force, 

and chip morphologies change. In the early tears, Shaw [11] used carbon tetrachloride as a cutting 

surfactant during metal machining, and surveyed the half chip thickness and cutting forces, with surface 

roughness improvement. More recently, Zhang et al. [12] also investigated the decreased cutting and 

thrust forces with the application of chemical medium during microcutting of AA 6061 alloy, and 

observed thick cutting chip for medium-free Sample Mnd thin cutting chip for medium-affected sample. 

For years, a lot of research has been done on the chip morphology affected by surface active medium 
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during metal cutting process. However, there is no significant progress on the physiochemical effect on 

microcut surface except for microstructure characteristics. The surface active medium has a dramatic 

effect on the workability of metals, thus it is necessary to study the physiochemical effect on the 

microstructure of the finished surface. 

In fact, microcutting process is equivalent to plastic deformation process. Due to the instability of 

heat generation, the microstructure of the deformation zone can be affected, such as dislocation 

configurations, phases, grain size and texture. However, at present, there are few studies on the influence 

of microcutting on the morphology and properties of microgrooves. It can be learned from the influence 

of other deformation modes on the morphology of metals, so as to understand its importance. Wang et 

al. [13] pointed out that the cold deformation in Al-Mg-Si-Cu alloy made texture variations obviously, 

from Cube texture to Cube and P textures. Peirs et al. [14] observed recrystallized nano-grains existed in 

the center of deformation bands in titanium alloy, and twin and martensitic are found near the deformation 

zones. Zhang et al. [15] also found that generation of β″ precipitates induced by hot-extrusion and cold-

drawing process, accompanied with the numerous grain boundaries and high numbers of the dislocations, 

which accelerate the formation of abundant fine β″ precipitates. 

Since the surface active medium on the properties of deformed metals, physiochemical effects post 

an attractive scientific issues for finished surfaces, especially with regard to grains, dislocations, and 

textures. According to the existed previous studies, few studies have explained the physiochemical effect 

on the microstructures of the finished surface and microgroove in metals. As a result, the purpose of this 

study is to elaborate the physiochemical effect on microstructure and surface roughness of microgrooves 

in pure copper. It is helpful to understand the microstructure variations of microgroove under 

physiochemical effect during the microcutting. 

2. Experiments 

Micromachining experiments were carried out on a Toshiba ULG ultraprecision machine lathe, a 

diamond microcutting tool (0.8 mm radius) was used for microcutting. The schematic diagram is listed 

in the previous paper [16], and also shown in Fig.1 for more intuitive representation. The pure copper 

was selected for the microcutting experiments, and this was done to avoid too much defects and phases 

influencing machining process. A marker ink fluid was applied on the half surface before microcutting 

tests. The cross-sectioned microgroove areas were marked as Sample M (without physiochemical effect) 

and Sample N (with physiochemical effect). The microcutting parameters were set as 25 and 100 mm/min 

for cutting speed, respectively, and 10 μm for cutting depth. The forces were tested on a Kistler 

dynamometer and Type 5051 amplifiers at 10 kHz. An Olympus 3D laser scanning confocal microscope 

was employed to test surface roughness of microgrooves and then the marker ink fluid was removed 

from the surface by ethyl alcohol. Afterwards, the microgrooves of Sample M and N were treated by ion 

thinning, and electron backscattered diffraction (EBSD) analysis was applied on the microstructure of 

the cross section view of the microgrooves, using an FEI Helios Nanolab focused ion beam/ scanning 

electron microscope (SEM) system with an accelerating voltage of 20 kV. The grain information, 

orientation distribution function (ODF), texture and geometrical necessary dislocations were analyzed 

by Channel 5 and ATEX software. 
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Fig. 1 (a) Ultraprecision microcutting experimental device and (b) schematic diagram of microcutting [16] (Fc and 

Ft are the cutting and thrust forces, respectively) 

 

3. Results 

3.1 The tested forces of the Samples 

The machining forces captured in microcutting are presented in Fig.2. Obviously, the cutting and 

thrust forces drastically decrease for the medium-affected microgrooves during microcutting. The 

average cutting force of Sample M is 3.69 N, and that of Sample N is 2.37 N, displaying an evident 

reduction in Sample N under 25 mm/min cutting speed. For higher cutting speed, 100 mm/min, the 

average cutting force of Sample M is 3.15 N, and that of Sample N is 2.21 N. Moreover, the cutting and 

thrust forces variations are more stable and display an evident reduction in the Sample N, these 

phenomenon further confirms the induction of physiochemical effect with ink during microcutting. 

Interestingly, it can be found that physiochemical effect is more obvious under 25 mm/min cutting speed, 

that is, the difference of machining forces (cutting and thrust forces) between Sample M and N is more 

evident. Previous study reported that the R effect is more pronounced at lower cutting depth (1 μm) [17]. 

Thus, it can be deduced that low cutting speed and cutting depth are favorable to induce physiochemical 

effect.                                                         
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Fig. 2 The tested machining forces of microgrooves during microcutting at different cutting parameters (a) cutting 

speed 25 mm/min and (b) cutting speed 100mm/min 

3.2 Surface roughness of the microgrooves after microcutting 

To scan more areas of surface roughness, the medium-free and medium-affected samples with cutting 

depth 10 μm were selected for measurement of surface roughness using 3D laser scanning confocal 

microscope. Fig.3 presents the surface quality maps and roughness of the finished surfaces. Fig.3 (a) 

presents the rough finished surface containing voids of the Sample M. As for Fig.3 (b), an obvious 

improvement surface roughness can be observed, and less voids were formed on the finished surface of 

Sample N (with physiochemical effect). According to the measurement, the surface roughness (Ra) of 

Sample M is 17 nm, while that of Sample N is 12 nm. This big difference in surface roughness validate 

the existence of physiochemical effect during microcutting of pure copper, which sets the foundation for 

the reasoning of the subsequent EBSD analyses. 
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Fig. 3 The laser scanned micrograph of the 10 μm microgrooves: (a) Sample M and (b) Sample N (Ra represents the 

most important evaluation parameter of surface roughness, arithmetic mean deviation). 

 

3.3 The microstructures of cross-sectioned microgrooves  

Fig.4 shows the EBSD maps of the cross-sectioned microgrooves of Sample M and N, presenting the 

difference of microstructure between the two samples. Fig.4 (a) illustrates average grain size 48.3 μm for 

the microgroove zone. Notably, the grains near the surface (marked as white dotted line) of the 

microgrooves are finer, about 28 μm. Some of these grains oriented towards {101} direction. The grains 

far away from the microgroove surface (distance about 25μm) have larger size, about 60 μm, and 

represent obvious anisotropy, indicating that microcutting process and movement of cutting tool do not 

affect these grains. In contrast, the average grain size of Fig.4 (b) is 67.9 μm within the microgroove 

zone, and the grain size near the medium-affected microgroove surface is larger than that near the 

medium-free microgroove. Interestingly, the distance between the affected grains (marked as yellow 

dotted line) and the microgroove surface is 61.3 μm, which may means the range of the affected grains 

is larger due to the physiochemical effect, or the grains are not affected by the physiochemical effect at 

all, because the grain size is similar to that far away from the surface. Additionally, the grain orientations 

of medium-affected microgroove surface present anisotropy. Thus, according to the above phenomena, 

two conjectures are put forward: the grains with physicochemical effect recrystallize after heat generation 

by microcutting deformation, and then some grains grow up; the grains are not affected by 

physiochemical effect during microcutting. 
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Fig. 4 EBSD mappings of cross-sectioned microgrooves of (a) Sample M (without R-effect) and (b) Sample N (with 

R-effect) and inverse pole figure is inserted: red indicates {001}, blue for {111}, and green for {110} direction 

Fig. 5 displays the Schmid factor maps of the two cross-sectioned microgroove zones. A lower 

Schmid factor indicates the high deformation resistance of the grain. In Sample M (Fig.5 (a)), the Schmid 

factor of the grains near the surface ranges from 0.25 to 0.43, and that far away from the surface is almost 

around 0.4. Thus it can be deduced that the some grains near the microgroove surface are deformed 

during microcutting, and the grains far away from the surface are slightly influenced. As for the Sample 

N (Fig.5 (b)), the Schmid factors of the grains near the surface retain at 0.42, which are close to that of 

the grains far away from the surface. However, the Schmid factor of one grain far away from the surface 

is 0.23, which is quite different from the nearby Schmid factor. It may be considered that the microcutting 

with physiochemical effect may deeply affect the internal grains, thus it is preliminarily inferred that the 

grains near the surface are composed of many fine subgrains after recrystallization. 

 

 

Fig. 5 Schmid factor maps for grains in the microgroove zones of (a) Sample M and (b) Sample N 
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Fig. 6 ODF maps for the cross-sectioned microgroove of (a) Sample M, (b) Sample N and (c) schematic structure of 

main textures in (ϕ1, Φ, ϕ2) (CD represents the cutting direction) 

Table 1 Volume fraction of textures in the two samples. 

Sample  
Volume fraction (%) 

{110}<001> {110}<112> {111}<110> {123}<634> {112}<111> {124}<211> 

M 2.6 5.9 14.1 11.2 17.3 14.6 

N 10.8 28.9 3.2 4.5 19.6 18.4 

 

The clear differences in grain size and Schmid factor evolution after microcutting imply that the 

textures may also be affected by physiochemical effect. Fig.6 presents the ODF maps for the cross-

sectioned microgroove zones of the samples. It can be known that {110}<001>, {110}<112>, {111}<110> 

and {123}<634> textures dominate in Sample M, and {110}<112>, {112}<111> and {124}<211> 

textures dominate in Sample N. {112}<111> texture is present in Sample M and N, which may indicate 

this texture will not be affected by physiochemical effect. Zhang et al. (2018) explained that < 111 > 

oriented grains are apt to release recrystallization energy storage during annealing, thus recrystallization 

occurred. Thus, in view of this study, it can be inferred that grains of Sample N may have recrystallized 

after microcutting. At ϕ2= 0°, {112}<111> is observed for Sample M and N, and volume fraction of 

{112}<111> is higher in Sample N. At ϕ2= 45°, Sample N has higher intensity of {110}<112> while 

invisible in the Sample M. At ϕ2= 65°, Sample M has higher intensity of {123}<623> texture and Sample 

N has higher intensity of {124}<211> texture. 

The texture volume fractions of the Sample M and N are represented in Table 1. The highest volume 

Sample M Sample N 
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fraction of texture are {112}<111> texture (17.3 %) and {110}<112> texture (28.9%) of Sample M and 

N, respectively. The volume fractions of {110}<001> and {110}<112> textures increase with the 

decreased {111}<110> and {123}<634> textures under the physiochemical effect. From the view of the 

texture variations, it can be deduced that some of the textures will be transformed due to the 

physiochemical effect. Some research reported that {011}<100> texture is stable [18], and {112} <111> 

texture is normally generated at the deformed structures[19]. Thus, according to these research, it can be 

deduced that partial deformed structures exist in the Sample M and N, and the Sample N may has stable 

microstructure due to the appearance of {011}<100> stable texture. 

4. Discussions  

4.1 Temperature and stress factors on microgroove microstructures 

Actually, the microcutting is a kind of plastic deformation process, which generates high stress 

concentration and local temperature, leading to local material recovery and recrystallization. Roland [20] 

referred that different strain rates will result in different stress concentration, thereby forming different 

deformed bands. Although many researchers have reported the relationship between plastic deformation 

and temperature, it is intricate to the measure actual temperature and stress due to instantaneous 

variations. Based on this study, from the different Schmid factors of the grains, indicating that grains are 

affected by different stress and the localized temperature gradient, which induce deformed or 

recrystallized substructures. The temperature rise (∆T) generated by microcutting can be based on Eq. 1 

[21-23]: ∆T = β 𝜏𝜏𝜏𝜏𝜌𝜌𝐶𝐶𝑝𝑝                                   (1) 

where 𝜌𝜌 is the density of metal, Cp is heat capacity of the metal, β is the Taylor-Quinney factor, γ  is the 

strain, and τ  is the stress. The temperature rise is mightily influenced by τ and γ . Based on this equation, 

it can be deduced that the temperature rise should be determined by the stress. 

To find out whether recrystallization occurs in some areas of microgrooves, and to verify the two 

conjectures mentioned in Section 3.3, Fig.7 depicts the average misorientation maps of Sample M and 

N, which can explain directly the recrystallization degree. Generally, deformed subgrains are surrounded 

by low angle grain boundaries (LAGBs) (2°< θ <15°), and recrystallized subgrains are surrounded by 

high angle grain boundaries (HAGBs) (θ≥15°). From the Fig.7 (a), average misorientation distribution 

is uniform, and the Fig.7 (b) shows the inhomogeneity of average misorientation. The areas close to the 

microgroove are delineated (marked in white dotted line), because the areas are close to the machine tool, 

it is more affected by the tool friction and temperature, and the HAGBs fractions of the average 

misorientations in this region are calculated: 75.7 % for the Sample M and 87.4 % for the Sample N. The 

higher fractions of HAGBs, the more recrystallized subgrains occur, obviously, recrystallized grains 

occupy majority for the microstructure of the Sample N. In combination with Eq. (1), it can be inferred 

that the induced stress and temperature rise in Sample N are higher than that in Sample M, which can 

provide enough driving energy for recrystallization. 
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Fig. 7 The average misorientation maps of the samples: (a) Sample M and (b) Sample N, showing the 

recrystallization degree (red regions represent HABs, green regions represent LABs and blue is the grain boundaries) 

4.2 The influence of microcutting with physiochemical effect on dislocations 

There is no doubt that the shape and number of dislocations will change during the deformation 

process. Geometrically necessary dislocation (GND) is associated with the strain gradient filed caused 

by geometrical constraints of the lattice. When alloys are subjected to non-uniform plastic deformation, 

the homologous strain gradient produces GND to maintain continuity of the crystal [24]. EBSD 

measurements can help identify crystallographic orientation, and the lattice curvature can also be 

analyzed. Dislocations are typical line defects resulting in relative displacements. The dislocation density 

tensor (α) is described by Nye [25]: 

( )
t

t t

ij t i ja b l x xδ= ∑ −
 

                             (2) 

Where 
t

l


 is the dislocation direction, 
t

b


is the displacement of Burgers vector, 
ijδ is unit tensor, 

t

x


 is 

a position vector. The lattice curvature tensor (κ) can be in introduced by lattice rotation vector θ [26]: 

i
ij ij

jx

θκ θ∂
= =
∂

                                (3) 

GND is associated with an inhomogeneous elastic strain field and curvature due to the lack of elastic 

strain (
kiε ), Nye's relations are converted to the simplified equation [26,27]: 

  
ij ki kiα κ δ κ= −                                  (4) 

1

2
ki ik ki mmκ α δ α= −                               (5) 

The orientation of the crystal lattice is determined by rotation, which is necessary to achieve a specific 
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θ∆ and rotation axis x∆


. The disorientation vector can be derived from the two adjacent orientations, 

from the disorientation matrix 1( )A Bg g g−∆ = as: 

2sin
kij ijgκ

θθ ε
θ

∆
∆ = − ∆

∆
                            (6) 

As regards to the disorientation between two adjoining orientations separated by x∆


, the lattice 

curvatures is calculated: 

k k
kl

l lx x

θ θκ ∂ ∆
= ≈
∂ ∆

                               (7) 

Since local lattice orientations can only be resolved in the plane (x1 and x2) instead of perpendicular 

to x3. As a result, there are six components 
1iκ and 

2iκ (i=1, 2, 3) of the curvature tensors obtained but 

impossible for
3iκ , a differentiation along the third direction. 

Thus, based on this calculations of ATEX software, the GND maps of the Sample M and N are shown 

in Fig.8. From the GND distribution maps, it can be deduced that GND mainly distributes at grain 

boundaries, certainly, it is well known that dislocations tend to submerge at grain boundary defects. As 

calculated, the highest GND density of the Sample M is 3.5×1015 m-2, while that of the Sample N is 

7.3×1016 m-2. Especially for the GND near the finished surface of Sample N, numbers of the dislocations 

entangled there and reach to the highest value, as marked in red dotted line in Fig.8 (b). Compared to the 

Fig.8 (a), there is no obvious GND density near the surface. Notably, in the Sample N, the GND density 

near the grain boundary is still high even if it is far away from the finished surface, as marked in the red 

dotted line. However, the GND density of the Sample M far away from the finished surface has 

significantly declined. Zhang et al. [28] pointed that partial larger grain size was resulted from the high 

GND density, as grains grow to a certain extent, this process begins with the appearance of GND walls 

inside the grain and ends with the removal of partial GND at grain boundaries. Thus, combined with 

Fig.4 and Fig. Fig.8, the large grain size of the Sample N may attribute to the movement of GND. 

According to the analysis of GND, stress and temperature factors, partial recrystallization has occurred 

during the microcutting process with physiochemical effect. However, lack of adequate temperature 

generated by microcutting process make inner grains not recrystallized completely, and this area may be 

in the recovery stage. Additionally, the Schmid factor maps can also affirm that Schmid factor of the 

Sample N near the finished surface is close to 0.5, while the Schmid factor far away from the surface is 

smaller because there are high GND density in the grain, inhibiting recrystallization. 
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Fig. 8 GND density distribution maps of the samples after microcutting: (a) Sample M and (b) Sample N (with 

physiochemical effect) 

5 Conclusions 

The physiochemical effect of surface active medium on the microstructure of the microgroove in 

pure copper is studied. The following conclusions can be roughly drawn through this study: 

(1) There is an obvious reduction in machining forces in the sample with physiochemical effect during 

microcutting. The surface roughness of microgroove with physiochemical effect is 12 nm which is 

much lower than that without physiochemical effect (17 nm).  

(2) On the cross-sectioned surface, the average grain size of the sample with physiochemical effect is 

67.9 μm within the microgroove zone, and the grain size near the surface of microgroove is larger 

than that of medium-free microgroove. Additionally, the grain orientations of medium-affected 

surface present anisotropy, while that of medium-free surface are towards {101} direction. 

(3) As the orientation distribution function maps shown, {110}<001>, {110}<112>, {111}<110> and 

{123}<634> textures dominate in the sample without physiochemical effect, and {110}<112>, 

{112}<111> and {124}<211> textures dominate in the sample with physiochemical effect. 

(4) Based on the calculation and analysis, it can be inferred that the induced stress and temperature in 

the sample with physiochemical effect are higher than that without physiochemical effect, which 

can provide abundant energy storage for recrystallization.  
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