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Abstract  Micro-texturing has been widely proven to be 
an effective technology for achieving sustainable machin-
ing. However, the performance of micro-textured tools under 
different cooling conditions, especially their coupling effect 
on machined surface integrity, was scarcely reported. In this 
paper, the non-textured, linear micro-grooved, and curvi-
linear micro-grooved inserts were used to turn aluminum 
alloy 6061 under dry, emulsion, and liquid nitrogen cryo-
genic cooling conditions. The coupling effects of different 
micro-textures and cooling conditions on cutting force, cut-
ting temperature, and machined surface integrity, including 
the surface roughness, work hardening, and residual stress, 
were revealed and discussed in detail. Results indicated that 

the micro-grooved tools, especially the curvilinear micro-
grooved tools, not only reduced the cutting force and cut-
ting temperature, but also improved the machined surface 
integrity. In addition, the micro-grooved tools can cooper-
ate with the emulsion or liquid nitrogen to reduce the cut-
ting force, cutting temperature, and improve the machined 
surface integrity generally, although the combination of 
emulsion cooling condition and micro-grooved tools gener-
ated negative coupling effects on cutting forces and surface 
work hardening. Especially, the combination of curvilinear 
micro-grooved cutting tools and cryogenic cooling condition 
resulted in the lowest cutting force and cutting temperature, 
which generated the surface with low roughness, weak work 
hardening, and compressive residual stress.

Keywords  Micro-grooved cutting tool · Cooling 
condition · Cutting force · Cutting temperature · Surface 
integrity

1  Introduction

In recent years, cutting tool micro-texturing has been widely 
studied as an efficient technique to reduce the cutting force 
and achieve sustainable machining in the metal cutting 
field. Researchers have designed different kinds of micro-
structures on tool surfaces, including the dimples [1, 2], 
grooves [3, 4] and hybrid textures [5, 6], and used the 
micro-textured tools to machine various materials, such as 
carbon steel, titanium alloy, stainless steel, superalloy, etc. 
Most researchers suggested that the micro-structures on tool 
surfaces could improve the cutting performance by reducing 
the tool-chip contact area and friction [7].

However, the experiment results in the literature also 
showed that the micro-textures on tool surfaces were easy 
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to be filled by workpiece material, especially when the mate-
rials with high plastic, such as aluminum alloy, stainless 
steel, etc., were machined, as shown in Fig. 1 [8]. The filled 
micro-textures will weaken the beneficial effects of micro-
textured tools and the derivative cutting processes generated 
by the interaction of chips and micro-textures may induce 
extra cutting forces. Therefore, eliminating the adhesion of 
chips and micro-textures is the key to further improve the 
performance of micro-textured cutting tools.

To achieve this goal, the researchers tried different ways, 
including designing new micro-textures [9–11] and taking 
excellent cooling/lubrication [12–16].

Given that the micro-texture’s sharp edges may cut into 
the chips to enhance the tool-chip adhesion, Sugihara and 
Enomoto [9] and Liu et al. [10, 11] designed the micro-
textures that had smooth junction between tool rake face and 
micro-texture sidewalls, termed sine-wave-shaped micro-
grooves, and curvilinear micro-grooves, respectively. The 
cutting experiments confirmed that the new micro-textures 
improved anti-adhesion behavior of the cutting tool surface 
and reduced the cutting forces during machining aluminum 
alloy or stainless steel.

Besides, taking excellent cooling or lubrication is 
another effective way to reduce the adhesion of chips and 
micro-textures. The experiments confirmed that, compar-
ing with machining under dry condition, the cutting fluids 
could improve the lubricity of the tool-chip interface, thus 
helping to reduce the adhesion between chips and micro-
textures and improve cutting performance [12]. In addition, 
the researchers also found that the micro-textures could act 
as a reservoir or channel to help cut fluid penetrate into the 

chip-tool-workpiece interfaces and exert its lubricant func-
tion properly, thus obtaining better cutting performance than 
the non-textured tools [13]. With the increasing pressure to 
move towards green manufacturing in the recent years, the 
cutting performance of micro-textured tools under the mini-
mum quantity of lubricant (MQL) or cryogenic conditions 
started to attract attention of researchers. Gupta et al. [14] 
demonstrated that the nanofluid MQL with textured tool pro-
vided superior results than non-textured tools in machining 
Inconel 718 alloy. Sivaiah et al. [15] proved that the combi-
nation of surface textured tools and MQL cooling generated 
fewer surface defects when compared to the MQL or dry cut-
ting condition. Besides the MQL cooling, the combination 
of micro-textured tools and cryogenic cooling technology 
also showed tremendous potential. Dinesh et al. [16] used 
micro-textured tools to turn ZK60 magnesium alloy under 
liquid nitrogen cooling conditions and proved that their cou-
pling effect substantially minimized the friction between the 
tool-chip/tool-work interfaces. Comparing with fluid and 
MQL cooling, the cryogenic cooling can reduce the cut-
ting temperature more significantly, which may reduce the 
material plasticity and increase the elasticity modulus, thus 
helping further minimize the adhesion of chips and micro-
textures. However, the studies about the cutting performance 
of micro-textured tools under cryogenic cooling conditions 
were rarely reported [12].

Another main inadequacy in the existing studies of micro-
textured tools should be the lack of researches on machined 
surface integrity. The existing studies of the micro-textured 
tool cutting performance mainly paid attention to the cutting 
forces, while the study on the machined surface integrity was 

Fig. 1   Images of dimples on cutting tool surface a partially and b completely filled by workpiece material during machining aluminum alloy [8]
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far from being desired [12]. However, the micro-textures 
on tool rake face can change the tool-chip interaction and 
even change the cutting edge’s morphology, which affects 
the machined surface integrity inevitably. Therefore, 
investigating the effect of micro-textures on the machined 
surface integrity to help ensure a high fatigue resistance 
performance is the foundation of practical application of 
micro-textured cutting tools [17]. In recent years, some 
researchers started to study the roughness and hardness of 
surface machined by micro-textured tools. Sivaiah et al. 
[5], Rajbongshi and Sarma [18], Palanisamy et al. [19], 
and Musavi et al. [20] conducted turning experiments using 
textured and non-textured tools separately and suggested that 
the textured tools resulted in a substantial improvement of 
surface finish for various materials. Ahmed et al. [4] and 
Yang et al. [21] both studied the surface hardness after 
machined by a micro-textured tool and proved that the 
micro-textures could reduce the surface hardening. While 
opposite results were also obtained in existing literatures. 
Chen et al. [22] found that the surface roughness was not 
significantly affected by the cutting tool surface texture 
during the dry milling of carbon fibre reinforced plastics. 
Gupta et al. [23] stated that higher micro-hardness values 
were achieved with textured tools in Inconel 718 cutting 
when compared to conventional tools. In conclusion, the 
studies are too few to reach a consensus about the influence 
mechanism of cutting tool micro-textures on the machined 
surface integrity. Furthermore, the existing studies mainly 
focused on only one or two surface integrity indexes, 
such as the surface roughness or hardness. The study that 
systematically investigates the roughness, work hardening, 
and residual stress of surfaces machined by micro-textured 
tools has not yet been reported, which should be the focus 
of the next research.

Aluminium alloys, because of their excellent mechanical 
properties and relatively lower specific weight, are widely 
used in aircraft construction, and AA 6061 is one of the most 
commonly used alloys of aluminium for general purposes. 
Aluminium alloy is a typical high-ductility material 
and prone to adhering to the tool surface at the tool-chip 
interface during cutting, which usually results in the micro-
cracks, surface hardening, rough surface and large tensile 
residual stresses [24]. In order to improve the machinability 
of aluminium alloy, Javidikia et al. [25–27] investigated the 
effect rule and mechanism of cutting parameters (cutting 
speed, feed rate, and depth of cut), cutting tool geometry 
(tool nose radius, side cutting edge angle, and back rake 
angle), and cooling conditions (dry, MQL and wet modes) 
by combining the turning environments and finite element 
simulations, and established the predictive regression 
models of surface roughness and residual stress. The 
results showed that the tool wear, surface roughness and 
tensile residual stress could be reduced via optimizing the 

cutting conditions, such as lowering the cutting speed or 
taking excellent cooling and lubrication. However, the tool-
chip adhesion cannot be eliminated when cutting with the 
non-textured tools, which limited the effect of lubricant. 
Machining technologies that can simultaneously obtain 
the high processing efficiency and quality are still to be 
explored.

To counter the deficiencies above of micro-textured and 
explore the new machining technology for aluminum alloy, 
given that the liquid nitrogen can not only form lubrication 
film but also cool the cutting zone significantly, this paper 
conducted aluminum alloy 6061 turning experiments with 
the non-textured, linear micro-grooved, and curvilinear 
micro-grooved cutting tools under dry, emulsion, and liquid 
nitrogen cryogenic cooling conditions. The coupling effects 
of micro-textures and cooling conditions on cutting force, 
cutting temperature, and machined surface integrity were 
revealed, including the surface roughness, work hardening, 
and residual stress. In the literature available, this work is 
not only the first time to combine the curvilinear micro-
grooved cutting tools with liquid nitrogen cryogenic cooling 
technology, but also the first time to systematically study the 
roughness, work hardening, and residual stress of surfaces 
machined by micro-textured tools. Results will contribute 
to the practical application of micro-textured cutting tools 
and provide a new method of obtaining compressive residual 
stress during machining aluminum alloy.

2 � Experimental methods

All cutting experiments were carried out on a CAK3665 CNC 
lathe, and the Kennametal TPGN110304 uncoated carbide 
insert with the tool nose radius of 0.4 mm (grade: K313) was 
selected as the non-textured cutting tool. After mounted on the 
CTCPN2514M16 cutter arbor, the back rake angle, side rake 
angle and side cutting edge angle of the tool were 5°, 0° and 0°, 
respectively. The linear micro-grooves and curvilinear micro-
grooves were fabricated on the insert rake faces by femtosecond 
laser processing, and the processing method has been detailed 
in previous work [11]. Figure 2 shows the 3D geometry of the 
produced linear and curvilinear micro-grooves, in which the 
design parameters were micro-groove width of 50 μm, spacing 
of 50 μm, depth of 30 μm, and tool nose distance of 200 μm.

The material used in the test was aluminum alloy 6061, 
whose chemical composition and mechanical properties 
are shown in Tables 1 and 2, respectively. The material was 
machined into a dish workpiece of Φ 120 mm × 10 mm by 
wire electrical discharge machining (WEDM). After being 
clamped to a fixture, the material was subjected to a radial 
turning test, as shown in Fig. 3a, with the parameters shown 
in Table 3, which were determined based on the pre-exper-
iment and the recommendation of cutting tool manual with 
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considering the tool life and the machining efficiency. In 
emulsion or cryogenic cutting, the water-based KR-0058 
emulsion, which is appropriate for aluminum alloy cutting, 
or liquid nitrogen were flooded to the workpiece in front of 
the cutting area with a circular nozzle, as shown in Fig. 3b. 
The emulsion was conveyed by the lathe’s cutting fluid sup-
ply system, while the liquid nitrogen was supplied with a 
self-pressurizing nitrogen canister with the pressure of 1.5 

Fig. 2   Geometry of fabricated micro-grooves

Table 1   Chemical composition of AA6061 (the mass fraction, %)

Cu Cr Mn Mg Si Ti Zn Fe Al

0.15–0.40 0.04–0.35 0.15 0.80–1.20 0.40–0.80 0.15 0.25 0.70 Balance

Table 2   Mechanical properties of AA 6061

Density/(g·cm−3) Tensile strength 
/MPa

Elongation/% Hardness 
(Hv9.8)/MPa

2.75 255 8.17 107.3

Fig. 3   a Schematic diagram and b setup image of the radial turning
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MPa. During the cutting processes, the cutting forces in cut-
ting velocity direction, feed direction, and axial direction for 
each cutting condition were measured with a YDC-III89B 
three component piezoelectric dynamometer, whose measur-
ing range of Fx and Fy are 1 000 N, respectively and Fz is 2 
000 N; inherent frequency is greater than or equal to 3 kHz; 
sensitivity is greater than or equal to 2.50 pC/N; and repeat-
ability is less than ±1% (F·S). The sampling frequency of 
the dynamometer was set at 1 000 Hz, and the sampling time 
was 20 s. The average value of 3 repeats was calculated and 
adopted.

The 3D finite element (FE) cutting model, as shown in 
Fig. 4, was built to get the cutting zone temperature by the 
AdvantEdge software with the explicit solver and updated 
Lagrangian formulation [28]. The mechanical analysis, 
thermal analysis and chip formation modeling have been 
detailed in the work of Sadeghifar et al. [29]. The workpiece 
and cutting tool materials for this work were separately 
selected from the database as Al6061-T6 and standard Grade 
K cemented carbide, which were defined by the power law 
model, as shown in Eq. (1) [28]. Adaptive meshing tech-
nique was performed during the simulation to obtain fine 
tetrahedral mesh in the cutting zone with the minimum and 
maximum element sizes of 0.001 mm and 1 mm. The length 
of cut (LoC, lc ) was set at 4 mm. No extra coolant was applied 
for the dry cutting condition. The immersed cooling type was 
adopted for emulsion and cryogenic cooling conditions with 

the heat extraction coefficient of 10 000 W/(m2·K) and 50 
000 W/(m2·K) [30, 31], and coolant temperature of 20 ◦C , 
and −196 ◦C , respectively. The Coulomb friction model, as 
shown in Eq. (2), was used to define the tool/chip and tool/
workpiece interface friction [28]. The reliability of FE mod-
els was calibrated by comparing the simulated and experi-
mental cutting forces, and the results showed that all errors 
were less than 20%, proving that the simulation models were 
acceptable to obtain the cutting temperature for qualitative 
analysis. After finishing the simulation, the temperatures of 
20 points along the cutting edge on each machined surface 
were extracted, as shown in Fig. 5. The average value, σ, was 
calculated as the cutting zone temperature.

where �0 is the material yield strength at the reference 
temperature and strain rate. � , 𝜀̇ and T are the strain, strain 
rate and temperature, respectively. �0 , 𝜀0 and T0 are the 
reference strain, strain rate and temperature, respectively. n, 
m and p are the indexes. 

 where � , � and �n are the stress, friction coefficient and pres-
sure stress, respectively.

(1)𝜎 = 𝜎0

(

𝜀

𝜀0

)n(

𝜀̇

𝜀0

)m(

T

T0

)P

,

(2)� = ��n,

Table 3   Cutting test parameters

Cooling 
condition

Cutting speed v/
(m·min−1)

Feed f/(mm·r−1) Depth of 
cut ap/mm

Dry
Emulsion
Cryogenic

250 0.15 0.50

Fig. 4   Schematic view of the 3D FE model designed for turning pro-
cess

Fig. 5   Schematic of extracting the cutting temperature (non-textured, 
dry)
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After the turning processes, the KEYENCE VK-X1000 
laser microscope was used to observe the surface morphol-
ogy, and then the surface roughness was measured along 
the feed direction based on the observed surface morphol-
ogy by the analysis software of laser microscope with the 
�c = 0.8 mm and �s = 2.5 μm. The PROTO iXRD-Combo 
residual stress instrument was adopted to measure the 
surface residual stress along the cutting speed direction. 
The target material was selected as Cr-Kα; the diffraction 
crystal plane was {222}; the Bragg Angle was 157°; the 
X-ray incidence angle changed between −20◦ and 20°; the 
X-ray irradiation time was 15 s; and the aperture size was 
2 mm. The machined surface hardness was measured by an 
HV-1000 Vickers microhardness tester with a load of 9.8 
N and a dwelling time of 10 s. To minimize the measure-
ment error, each surface integrity parameter was measured 
for three times and the average value was calculated as 
the result.

3 � Results and discussion

3.1 � Effect of micro‑textures and cooling conditions 
on cutting force

Cutting force is one of the main factors affecting the energy 
consumption and has close relation to the processing accuracy 
and machined surface quality. Reducing the cutting force can 
help achieve sustainable manufacturing, reduce workpiece 
deformation, and improve machined surface integrity. Figures 6 
and 7 show the effect of cutting tool micro-textures and cooling 
conditions on the cutting forces, respectively. Fx , Fy and Fz are 
the axial force, feed force, and main cutting force, respectively. 
The cutting force reduction rate, Δ, for different types of micro-
grooved cutting tools was calculated using Eq. (3) and marked in 
Fig. 6. According to the equation, the positive or negative value 
of Δ separately indicates that the micro-grooved cutting tools 
produced lower or higher cutting forces than non-textured tools.

where Fnon-textured is the cutting forces produced by non-tex-
tured tools, and Fmicro-grooved is the cutting forces produced 
by micro-grooved cutting tools.

It can be seen from Fig. 6 that under all cooling con-
ditions, the micro-grooved cutting tools reduced the cut-
ting forces as a whole and the effect of curvilinear micro-
grooves was larger than linear micro-grooves, which agreed 
with the previous work [10]. In addition, the coupling of 
cooling conditions and cutting tool micro-textures could 
affect the cutting forces. Firstly, the emulsion cooling con-
dition generated negative coupling effects with linear and 

(3)� =
Fnon-textured − Fmicro-grooved

Fnon-textured

× 100%,

Fig. 6   Effect of cutting tool micro-textures on the cutting forces in a 
dry, b emulsion, and c cryogenic cooling conditions
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curvilinear micro-grooves on cutting forces. It can be seen 
from Figs. 6a and b that the application of emulsion weak-
ened the effects of linear and curvilinear micro-grooves on 
reducing cutting forces. All cutting force reduction rates, 
Δ, under the emulsion cooling condition (see Fig. 6b) were 
smaller than the corresponding values under dry condition 
in Fig. 6a. In addition, Fig. 6a shows that when cutting with 
non-textured tools, the emulsion cooling condition gener-
ated the lowest cutting force. While when cutting with lin-
ear and curvilinear micro-grooved tools, the cutting forces 
under emulsion cooling condition were approximately 
equal to or even larger than that under dry cutting condi-
tion. Secondly, the cryogenic cooling condition generated 
positive coupling effect with curvilinear micro-grooved 
tools on cutting forces. It can be seen from Fig. 7 that the 
main cutting forces under cryogenic cutting condition 
were the largest when cutting with non-textured or linear 
micro-grooved tools, while it was opposite to curvilinear 
micro-grooved tools. Results in Fig. 6c also show that 
the curvilinear micro-grooved tools generated the largest 
main cutting force reduction rate under cryogenic cooling 
condition.

The micro-textures on tool rake faces can reduce cutting 
forces mainly by decreasing the tool-chip contact area, thus 
lowering their friction [32, 33]. Since it is hard to measure 
the tool-chip interface friction directly, the thickness of the 
chip from the workpiece end face was measured after being 
collected, mounted, ground and polished, to characteristic the 
tool-chip friction, and the result is shown in Fig. 8. Accord-
ing to Refs. [34, 35], the chip thickness is mainly affected 
by the tool-chip interface friction status and low friction is 
beneficial to chip flow, hence reducing the chip thickness. 
Therefore, the chip thickness can be used to indicate the 
tool-chip interface friction, and the smaller chip thickness 
represents the lower friction. It is obvious in Fig. 8 that the 

Fig. 7   Effect of cooling conditions on the cutting forces when 
machined with a non-textured, b linear micro-grooved, and c curvi-
linear micro-grooved cutting tools

Fig. 8   Chip thickness under different cooling conditions
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micro-grooved cutting tools resulted in smaller chip thickness 
than non-textured tools under all cooling conditions, and the 
curvilinear micro-grooved tools generated the thinnest chip, 
which agrees with the trend of cutting forces. Hence, it is 
reasonable to infer that the micro-grooves reduced the tool-
chip friction, and thus lowered the cutting force.

In addition, like the cutting force, the cooling condition 
and cutting tool micro-textures also generated coupling 
effect on the chip thickness. It can be seen from Fig. 8 that 
the chip thickness differences between non-textured and 
linear or curvilinear micro-grooved tools under emulsion 
cooling condition were less than that under dry cutting con-
dition. Besides, the chip thicknesses of linear and curvilin-
ear micro-grooved tools under emulsion cooling condition 
were larger than the corresponding values under dry and 
cryogenic cooling conditions. These results denote that the 
effect of micro-grooves on reducing tool-chip friction was 
weakened by the application of emulsion, which explained 
the above-mentioned negative coupling effects of emulsion 
cooling condition and micro-grooves on cutting forces.

Furthermore, the negative coupling effects of emulsion 
cooling condition and micro-grooved tools on the chip 

thickness and cutting forces are attributed to the chip bond-
ing on the tool rake face. Figure 9 shows the non-textured 
cutting tool rake face geometry under emulsion cooling con-
dition and the energy disperse spectroscopy (EDS) analysis 
results of areas 1 and 2. It is obvious that the chip adhered 
to the tool rake face in a large area and formed the built-
up edge (BUE). In this case, the tool-chip interface friction 
contains the sticking friction (adhered region) and sliding 
friction, and the sticking friction depends on the material 
shear failure strength [36]. Given the serious chip bonding 
on the tool rake face, the emulsion was hard to penetrate 
the adhered region when cutting with non-textured tools, 
thus mainly showing lubricating effect in the non-bonded 
area to reduce the tool-chip sliding friction. While during 
the micro-grooved tool machining, the micro-grooves on 
tool rake face worked as the channel for emulsion penetra-
tion. Thus, emulsion can play a cooling role in the adhered 
region and reduce the tool-chip interface temperature effec-
tively, agreeing with the results of Elias et al. [13]. The lower 
the temperature, the higher the shear failure strength. As a 
result, the tool-chip sticking friction was increased by the 
coupling effect of emulsion and cutting tool micro-grooves. 

Fig. 9   Rake face geometry and EDS results of non-textured tool under emulsion cooling condition
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In addition, the enhanced emulsion penetration can reduce 
the cutting zone temperature more effectively. The simula-
tion results in Fig. 10 proved that under the emulsion cooling 
condition, the micro-grooved tools generated lower cutting 
zone temperature than non-textured tools. Hence increasing 
the plastic deformation and failure strength of workpiece 
material, which can increase the cutting forces directly. The 
result is contrary to the conventional wisdom [13, 14]. The 
directly increased material cutting force and the increased 
tool-chip sticking friction force jointly led to the negative 
coupling effects of emulsion cooling condition and micro-
grooved tools on the chip thickness and cutting force.

The coupling effect of cryogenic cooling condition and 
micro-grooved tools shall be analyzed by considering the 
changes of material properties at extremely low tempera-
ture. The simulation results in Fig. 11 proved that the cryo-
genic cooling condition could generate cutting temperature 
far below the dry and emulsion cooling conditions. The 
material physical performance test showed that, after the 
cryogenic processing by liquid nitrogen, the elongation of 
aluminum alloy 6061 decreased from 8.27% to 7.75%, which 
could help reduce the tool-chip adhesion and thus the tool-
chip friction [37]. In addition, the low cutting temperature 
can increase the material elasticity modulus to restrain the 
elastic recovery of machined surfaces, thereby reducing the 
tool-workpiece friction. On the other hand, the low cutting 
temperature can help the workpiece material maintain high 
strength, which can increase the cutting force. As a result, 
when cutting with non-textured and linear micro-grooved 
tools, the liquid nitrogen that penetrated the tool-chip inter-
face was not sufficient to prevent tool-chip adhesion effec-
tively, but the increased material strength played a major role 
and increased the cutting forces. While when using curvi-
linear micro-grooved tools, although the material strength 
increased, the micro-grooves introduced abundant liquid 
nitrogen into the tool-chip interface, hence reducing the tool-
chip adhesion effectively (see the thinnest chip obtained by 
curvilinear micro-grooved tools under the cryogenic cooling 
condition in Fig. 8). In this case, the effect of curvilinear 
micro-grooves on reducing the tool-chip and tool-workpiece 
friction dominated the cutting process, resulting in the low 
cutting force.

3.2 � Effect of micro‑textures and cooling conditions 
on cutting temperature

High cutting temperature can produce thermal stress in the 
workpiece, leading to the workpiece deformation and tensile 
residual stress. Reducing the cutting temperature is crucial 
for precision machining. Figures 10 and 11 show the effect 
of cutting tool micro-textures and cooling conditions on the 
cutting zone temperature, respectively. It can be seen that 
both of the micro-grooved cutting tools and emulsion or 

Fig. 10   Effect of cutting tool micro-textures on the cutting tempera-
ture in a dry, b emulsion, and c cryogenic cooling conditions
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cryogenic cooling conditions can reduce the cutting tem-
perature, and the effects of curvilinear micro-grooves and 
liquid nitrogen were more significant than the linear micro-
grooves and emulsion, respectively. Furthermore, the micro-
grooved tools and emulsion or cryogenic cooling conditions 
can couple with each other to enhance their effect. It can be 
seen from Fig. 10a that the effect of linear micro-grooves on 
reducing cutting temperature under dry cutting condition was 
marginal. While during the emulsion and cryogenic cool-
ing conditions, the effects were enlarged (see Figs. 10b and 
c). Similarly, results in Fig. 11 suggested that the effect of 
emulsion transformed from negligible to remarkable when 
the micro-grooved tools were used. The combination of cur-
vilinear micro-grooved tools and cryogenic cooling condition 
resulted in the lowest cutting temperature.

The cutting zone temperature is the synthetic action of the 
heat generation and dissipation. The micro-grooves on tool 
rake face can reduce the tool-chip contact area and friction, 
which will reduce the heat generation. Besides, the micro-
grooves can work as the channel for cooling medium arriving 
at the cutting zone, hence increasing the heat dissipation. 
Therefore, the micro-grooved tools reduced the cutting zone 
temperature and generated positive coupling effects with 
emulsion or liquid nitrogen. However, when cutting with 
the linear micro-grooved tools, the tool-chip contact are a 
reduction rate and cooling medium delivery capacity is lim-
ited because of the chip adhesion. Especially, during the dry 
cutting condition, the cooling medium was air, whose capa-
bility of heat dissipation was poor. As a result, the effect of 
linear micro-grooves on reducing cutting temperature under 
dry cutting condition was marginal. In contrast, the valley 
spaces of curvilinear micro-grooves were larger, which could 
reduce the tool-chip contact area more effectively and import 
more air and coolant, thus reducing the cutting temperature 
obviously under all cooling conditions.

For the emulsion or cryogenic cooling conditions, both 
the high thermal conductivity of emulsion and low tem-
perature of liquid nitrogen can enhance the heat dissipation 
and generate lower cutting temperature than the dry cutting 
condition. However, the tool-chip adhesion prevented the 
emulsion and liquid nitrogen from entering the cutting zone 
when cutting with non-textured tools, which weakened their 
effects. When adopting the micro-grooved tools, the micro-
grooves can help the emulsion and liquid nitrogen enter the 
cutting zone, hence producing synergistic effect to reduce 
the cutting temperature significantly.

3.3 � Effect of micro‑textures and cooling conditions 
on surface roughness

Surface roughness can not only affect the mating and seal-
ing performance of parts, but also significantly affect their 
anti-fatigue, anti-corrosive, and wear resistant properties. 

Fig. 11   Effect of cooling conditions on the cutting temperature when 
machined with a non-textured, b linear micro-grooved, and c curvi-
linear micro-grooved cutting tools
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Reducing the machined surface roughness is essential for a 
machining technology to meet the requirement. The effects 
of cutting tool micro-textures and cooling conditions on the 
machined surface roughness are shown in Figs. 12 and 13, 
respectively. The arithmetic average surface roughness ( Ra ) 
and the maximum peak-to-valley roughness height ( Rz ) were 
adopted to characterize the surface roughness.

It can be seen from Fig. 12 that under all three kinds 
of cooling conditions, the Ra and Rz of the machined sur-
face obtained by non-textured tools, linear micro-grooved 

Fig. 12   Effect of cutting tool micro-textures on the machined surface 
roughness in a dry, b emulsion, and c cryogenic cooling conditions

Fig. 13   Effect of cooling conditions on the surface roughness when 
machined with a non-textured, b linear micro-grooved, and c curvi-
linear micro-grooved tools



674	 G.-L. Liu et al.

1 3

tools, and curvilinear micro-grooved tools were generally 
in descending order, suggesting that the micro-grooves can 
reduce the machined surface roughness and the curvilinear 
micro-grooves are more valid than linear micro-grooves. It 
has been revealed that the micro-grooved tools can reduce 
the cutting force and temperature significantly, and the 
effect of curvilinear micro-grooved tools was more obvi-
ous. Usually, the lower the cutting forces, the smaller the 
vibration of the turning system, which can shallow the 
tooth marks produced by vibration and thus reduce the 
machined surface roughness. In addition, the lower cutting 
temperature is beneficial to the smooth surface. On the 
one hand, the material plasticity decreases as temperature 
drops, and the cutting force induced material lateral flow 
will be weakened, which can reduce the scallop-height 
between tool-paths and thus lower the surface roughness. 
On the other hand, the low cutting temperature can weaken 
the tool-workpiece/tool-chip adhesion to avoid surface 
material spalling damage and chip debris adhesion, thus 
reducing the surface roughness. Besides the reduced cut-
ting force and temperature, the micro-grooves can generate 
mechanical interlocking effect to the BUE and adhered 
materials, enhancing their bonding strength to the cutting 
tool, which is beneficial to decrease the surface material 
spalling damage and chip debris adhesion as well [4]. Fig-
ure 14 shows the morphology of surfaces machined by 
different kinds of cutting tools under dry cutting condition. 
Some debris adhered on the surface were found beside 
the regular tool-paths when cutting with non-texture 
tools. While when cutting with micro-grooved tools, the 
debris was basically eliminated and cleaner surfaces were 

obtained, which confirmed the above analysis. The above 
factors jointly led to the reduced surface roughness when 
cutting with micro-grooved tools, which agreed well with 
the results of Palanisamy et al. [19].

As for the effect of cooling conditions on the machined 
surface roughness, the measurement results in Fig. 13 proved 
that compared with the dry cutting condition, the application 
of emulsion reduced the Ra and Rz obviously, no matter 
which kind of cutting tool was used. When conducting 
liquid nitrogen cryogenic cutting, the machined surfaces 
Rz was smaller than that of the emulsion cooling condition 
generally, while Ra was between the results obtained under 
dry and emulsion cooling conditions. It has been found in 
Figs. 7 and 10 that compared with dry cutting, the emulsion 
cooling condition reduced the cutting force and temperature 
generally, which have been confirmed to be beneficial for 
reducing the surface roughness. Besides, the emulsion 
can generate lubricant film between the tool flake face 
and machined surface, which can reduce their friction and 
weaken the reflection of tool surface defects on the machined 
surface, hence reducing the surface roughness. The reduced 
cutting force and temperature as well as the lubricant film 
jointly improved the surface finish during the emulsion 
cooling condition.

When cooling with liquid nitrogen, its lubricating prop-
erty was weaker than the emulsion and the vibration may be 
enlarged because of the large cutting forces, which can pro-
duce more irregular tooth marks together and thus increase 
the Ra . The result is contrary to the results of Gong et al. 
[38]. Nevertheless, the liquid nitrogen reduced the cutting 
temperature more significant, which could help reduce the 

Fig. 14   Surface morphology after machined with a non-textured, b linear micro-grooved, and c curvilinear micro-grooved cutting tools under 
dry cutting condition
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material plastic flow and generate lower scallop-height 
between tool-paths. In addition, the low cutting temperature 
can reduce the material elasticity modulus and restrain the 
elastic recovery, which can reduce the friction between tool 
flank face and machined surface and weaken the reflection 
of tool surface defects on the machined surface. Therefore, 
the liquid nitrogen cryogenic cooling method can reduce 
the surface roughness as well by reducing the cutting tem-
perature, although the effect is relatively weaker than the 
emulsion cooling condition.

Results in Figs. 12 and 13 also confirmed that the micro-
grooved tools and emulsion or cryogenic cooling conditions 
could couple with each other to enhance their effect on 
reducing surface roughness. It has been revealed that both 
micro-grooved tools and emulsion or liquid nitrogen cooling 
methods reduced the surface roughness mainly via reducing 
the cutting force or temperature. Results in Sects.3.1 and 3.2 
have confirmed that the micro-grooved tools and emulsion 
or cryogenic cooling conditions have coupling effects on 
reducing cutting force and temperature. Therefore, coupling 
effect on reducing surface roughness can be generated as 
well by using cutting force and temperature as the bridge.

3.4 � Effect of micro‑textures and cooling conditions 
on surface work hardening

In the machining processes, severe plastic deformation 
can change the material microstructure, including the 
storage of dislocations, grain refinement, and even phase 
transformation, thereby increasing the hardness of machined 
surface, namely the work hardening. Work hardening was 
closely associated with material anti-wear and anti-fatigue 
performance. However, the effect of work hardening on 
workpiece performance was still a controversial subject in 
the existing literature, since the work hardening can improve 
the material strength on the one hand and reduce the ductility 
and fracture toughness on the other hand. In addition, some 
researchers stated that the work hardening could induce 
defect or micro-cracks on the machined surfaces [39]. 
Therefore, reducing the work hardening is probably a safer 
way during machining processes.

In this work, the effects of cutting tool types and cool-
ing conditions on the machined surface Vickers hardness 
are displayed in Figs. 15 and 16, respectively. The Vickers 
hardness of workpiece material without cutting process was 
marked in the figures by the dotted line. It can be seen that 
all machined surfaces had higher hardness than the origi-
nal material, meaning that the machining processes all pro-
duced work hardening. Results in Fig. 15 also suggested that 
the micro-grooved tools could weaken the work hardening 
under all cooling conditions, and the work hardening of the 
machined surface obtained by curvilinear micro-grooved 

Fig. 15   Effect of cutting tool micro-textures on the machined surface 
hardness in a dry, b emulsion, and c cryogenic cooling conditions
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tools was the weakest. The results also showed that the effect 
of linear micro-grooved tools on reducing work hardening 
under emulsion or cryogenic cooling was less than that 
under dry cutting condition.

The work hardening was mainly formed by the surface 
material’s severe plastic deformation [40]. Therefore, the 
work hardening degree was tightly tied to the cutting force, 
and the lower the cutting force, the slighter the degree of 
material plastic deformation and the work hardening. It can 
be seen in Fig. 15 that the work hardening degree variation 
trend against the cutting tool types was highly consistent 
with the cutting force in Fig. 6. Firstly, the micro-grooved 
tools reduced the cutting force generally, which was 
beneficial to reduce the work hardening. Secondly, the 
curvilinear micro-grooved cutting tools generated lower 
cutting force than the linear micro-grooved tools, and thus 
generated the weakest work hardening among the three kinds 
of tools. Finally, compared with the dry cutting condition, 
applying emulsion or liquid nitrogen to the cutting process 
of linear micro-grooved tools led to the smaller cutting 
force reduction, which weakened the effect of linear micro-
grooved tools on reducing work hardening.

From Fig. 16, it can be seen that the effect of emulsion 
and liquid nitrogen on the machined surface work hardening 
was dependent on the tool types. In comparison with the dry 
cutting condition, the emulsion cooling condition reduced 
the work hardening when cutting with non-textured tools. 
Nevertheless, during the cutting processes of micro-grooved 
tools, applying the emulsion enhanced the work hardening, 
although the effect was minimal. As for the liquid nitrogen 
cryogenic cooling condition, it produced the most serious 
work hardening when cutting with non-textured and linear 
micro-grooved tools, agreeing well with Ref. [37]. On the 
contrary, the weakest work hardening among all cutting 
conditions was generated when applied to the curvilinear 
micro-grooved tools.

The cutting force results in Fig. 7 have showed that, when 
cutting with non-textured tools, the application of emulsion 
could reduce the cutting force significantly in comparison 
with the dry cutting condition, which could weaken the 
work hardening. When cutting with linear and curvilinear 
micro-grooved tools, although the emulsion could not reduce 
the cutting force, the cutting temperature was reduced (see 
Fig. 11). According to the existing studies, the low cutting 
temperature can limit the material restoration, which can 
enhance the work hardening [41]. In addition, the low 
temperature can promote the grain refinement to enhance the 
work hardening by reducing the plasticity of grains and thus 
promoting the grain breaking at same strain and strain rate 
[42]. Consequently, the combination of emulsion cooling 
condition and micro-grooved tools enhanced the work 
hardening. Since the effect of cutting temperature on work 
hardening was indirect and the temperature during cutting 

Fig. 16   Effect of cooling conditions on the surface hardness when 
machined with a non-textured, b linear micro-grooved, and c curvi-
linear micro-grooved cutting tools
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aluminum alloys was relatively low, the difference of work 
hardening was minimal.

As for the cryogenic cooling condition, although it 
generated lower cutting temperature than dry and emulsion 
cooling conditions with all kinds of cutting tools, the results 
in Fig. 7 have showed that it increased the cutting force 
obviously when non-textured and linear micro-grooved tools 
were used, which played a dominant role and resulted in 
severe work hardening. When using the curvilinear micro-
grooved cutting tools under cryogenic cooling condition, 
their coupling effect reduced the cutting force significantly, 
and thus generated the lowest work hardening among all the 
cutting conditions.

3.5 � Effect of micro‑textures and cooling conditions 
on surface residual stress

Residual stress is one of the most important surface 
integrity parameters in the field of machining, since it can 
significantly affect the service performance of a mechanical 
component, such as fatigue resistance, corrosion resistance, 
and part distortion. With the deepening of research, the 
researchers had reached an agreement that the compressive 
residual stress could improve fatigue and corrosion 
resistance, while the tensile residual stress could generate a 
detrimental impact [43, 44]. Therefore, reducing the tensile 
residual stress and even generating compressive residual 
stress is an important pursuit of machining processes.

Figures 17 and 18 display the effect of cutting tool micro-
textures and cooling conditions on the machined surface 
residual stress, respectively. It is obvious that both the micro-
grooves on cutting tool rake face and coolant, including the 
emulsion and liquid nitrogen, could reduce the machined 
surface tensile residual stress, and the effect of curvilinear 
micro-grooved tools and liquid nitrogen cryogenic cooling 
condition was more significant than the linear micro-grooved 
tools and emulsion cooling condition, respectively. Espe-
cially, the combination of curvilinear micro-grooved tools 
and liquid nitrogen cryogenic cooling condition generated 
the compressive residual stress.

It is widely recognized that the residual stress is the 
result of interaction of mechanical and thermal loads, 
and the mechanical load mainly result in compressive 
stress while the thermal load can lead to tensile stress 
[17]. As a typical light-weight and high-plastic metal, the 
aluminum alloy cutting force is relatively small, while the 
tool-chip/tool-workpiece adhesion can generate a mass of 
cutting heat. Therefore, the thermal load usually makes 
a dominant influence and results in the tensile residual 
stresses on the machined surfaces. The cutting temperature 
simulation results in Figs. 10 and 11 have confirmed that 
the micro-grooves on tool rake faces and the coolants, 
such as emulsion and liquid nitrogen, both reduced the 

Fig. 17   Effect of cutting tool micro-textures on the machined surface 
residual stress in a dry, b emulsion, and c cryogenic cooling condi-
tions
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cutting temperature obviously, which can help reduce the 
tensile residual stresses. In addition, the curvilinear micro-
grooved tools generated the lowest cutting temperature 
among the three types of cutting tools under different 
cooling conditions, and the cryogenic cooling condition 
also reduced the cutting temperature more significantly in 
comparison to the dry and emulsion cooling conditions. 
Therefore, the curvilinear micro-grooved tools and 
cryogenic cooling condition reduced the tensile residual 
stresses more significantly.

Given that both the micro-grooves and coolant can 
reduce the tensile residual stress by lowering the cutting 
temperature, and the micro-grooves can help the emulsion 
or liquid nitrogen enter the cutting zone to further reduce 
the cutting temperature, i.e., the coupling effect, it is readily 
comprehensible that the micro-grooved tools can couple with 
emulsion or cryogenic cooling condition to further reduce 
the tensile residual stress, and the combination of curvilinear 
micro-grooved tools and liquid nitrogen cryogenic cooling 
condition generates the compressive residual stress.

4 � Conclusions

In this paper, the non-textured, linear micro-grooved, 
and curvilinear micro-grooved cutting tools were used to 
turning aluminium alloy 6061 under dry, emulsion, and 
liquid nitrogen cryogenic cooling conditions, where the 
coupling effects of micro-textures and cooling conditions on 
cutting force, cutting temperature, surface roughness, work 
hardening, and residual stress were discussed. The main 
findings of this work are summarized as follows.

(i)	 The micro-grooved tools, especially the curvilinear 
micro-grooved tool, are ideal for machining aluminum 
alloy 6061, regardless of cooling condition. The micro-
grooved cutting tools not only reduced the cutting 
force and cutting temperature, but also improved the 
machined surface integrity, including the surface 
roughness, work hardening, and tensile residual stress. 
The performance of curvilinear micro-grooves was 
better than the linear micro-grooves.

(ii)	 In comparison with dry cutting condition, applying 
the emulsion to the cutting process of non-textured 
tools could improve the cutting performance, such as 
reducing the cutting force, cutting temperature, surface 
roughness, work hardening, and tensile residual stress. 
However, when cutting with micro-grooved tools, 
although the emulsion cooling condition reduced the 
cutting temperature, surface roughness, and tensile 
residual stress, the cutting forces were not reduced and 
the work hardening was slightly enhanced.

Fig. 18   Effect of cooling conditions on the surface residual stress 
when machined with a non-textured, b linear micro-grooved, and c 
curvilinear micro-grooved cutting tools
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(iii)	 The cryogenic cutting condition reduced the cutting 
temperature and tensile residual stress more signifi-
cantly than the dry and emulsion cooling conditions, 
because of the extremely low temperature of liquid 
nitrogen. In addition, the surface roughness under cryo-
genic cooling condition was lower than that of the dry 
cutting condition. However, the cryogenic cooling con-
dition generated the largest cutting force and work hard-
ening for cutting with non-textured and linear micro-
grooved tools, since the low temperature increased the 
material tensile strength. Only when cutting with curvi-
linear micro-grooved tools, the cryogenic cooling con-
dition resulted in the minimum cutting force and work 
hardening because of the weakened tool-chip adhesion.

(iv)	 The micro-textures on tool rake faces can generate 
coupling effects with emulsion or cryogenic cutting 
condition. The micro-grooves on tool rake face can 
work as the channel for emulsion or liquid nitrogen 
penetrating to the cutting zone, hence enhancing their 
cooling effect to further reduce the cutting temperature, 
machined surface roughness, and tensile residual stress. 
However, the micro-grooved tools generated negative 
coupling effects with emulsion cooling condition on 
cutting forces and surface work hardening.

(v)	 The combination of curvilinear micro-grooved 
cutting tools and cryogenic cooling condition is an 
ideal approach for machining aluminum alloy 6061, 
which resulted in the lowest cutting forces and cutting 
temperature among all cutting conditions, and thus 
generated the surface with low roughness, weak work 
hardening, and compressive residual stress.
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