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To investigate the surface integrity of AISI M2 workpieces during hard turning with a cubic boron
nitride tool, the surface morphology, metamorphic layers, and mechanical properties of 18 hard-turning exper-
imental samples were characterized using scanning electron microscopy and other analytical instruments. The
results showed that the machined surface morphology had good consistency, but there were defects such as turn-
ing grooves. The turning feed had the most significant influence on the three-dimensional surface roughness S,:
when the feed rate increased from 0.05 to 0.2 mmr !, S, increased from 0.824 to 5.795 um. When the turning
speed was lower than 200 m min~!, the white layer thickness was positively correlated with the turning speed
(approximately 0.32 um at 200 m min~!), while a negative correlation was observed when the speed exceeded
200 mmin~! (approximately O um at 360 m min~'). As tool wear increased from 0 to 0.2 mm, the white layer
thickness increased by 143.75 %. The surface residual stress was mainly compressive stress, with the maximum
axial compressive stress (—72.1 &7 MPa) observed at a turning speed of 160 mmin~!. The metamorphic layer
significantly increased the surface hardness. This study provides a reference for improving the service life of

AISI M2 workpieces.

Precision machining is a practical scientific technology
closely related to people’s production and life. It undertakes
the processing of parts required for various civilian and mili-
tary equipment. It is an important manifestation of a coun-
try’s comprehensive competitiveness. The advanced preci-
sion manufacturing sector demands that machining technol-
ogy not only achieves precision and intelligence but also
progresses gradually towards green and sustainable develop-
ment. Hard cutting technology has the outstanding advan-
tages of environmental friendliness and resource conserva-
tion, and it is a green precision manufacturing technology
that has been widely considered (Cakan et al., 2024).

Hard turning, as a precision machining technology, refers
to turning a hardened workpiece with hardness greater than

45HRC as its final precision machining process (Cetindag
et al., 2024). This machining method can replace the tra-
ditional precision grinding technology, realize “turning in-
stead of grinding”, and improve the machining economy of
the workpiece. This machining method has become the main
precision machining method for high-hardness and difficult-
to-machine materials (Mane et al., 2025). In hard turning,
the tool produces high friction, extrusion, and shearing ef-
fects on the workpiece, which results in a lot of cutting force
and cutting heat in the cutting process. The transmission of
cutting force and cutting heat makes the workpiece surface
bear gradient load, which affects its surface integrity. Sur-
face integrity is a comprehensive and detailed description of
the machined surface of the workpiece, which includes sur-
face morphology, metallographic state, and surface mechan-
ical characteristics.



The surface integrity of a workpiece exerts a significant
influence on its performance throughout the entire service
life cycle (Zhang et al., 2025; Paengchit and Saikaew, 2023).
Numerous researchers have conducted many investigations
on workpiece surface integrity in hard turning. Sales et
al. (2020) reviewed the surface integrity of hardened steel
during hard cutting by case analysis and investigated the
causes of residual stress, a white layer, and micro-defects on
the machined surface. Sivalingam et al. (2021) explored the
surface integrity of Inconel 718 under dry machining and at-
omized spray cutting fluid machining separately. Although
cutting fluid machining achieved good surface quality, there
were still feed marks and burned surfaces on the workpiece
surface. Feed rate was the primary factor influencing the sur-
face roughness of Inconel 718 under both machining meth-
ods. Considering the influence of surface integrity on rolling
contact fatigue life, Jouini et al. (2020) studied the rough-
ness, residual stress, and surface morphology of hard turn-
ing AISI 52100 bearing steel. The experimental results of
hard turning were as follows: the surface roughness was less
than 0.1 pm; the maximum stress, i.e. compressive stress, ap-
peared between 10 and 50 um below the machined surface
of the workpiece; and the thickness of the white layer was
less than 1 um. Li et al. (2018) discussed the influence of
the tool cutting edge radius on the surface integrity of an
AISI H13 workpiece during hard cutting. The research con-
clusion indicated that the nano-hardness, plastic deformation
depth, and compressive residual stress of the machined sur-
face increased with the increase in cutting edge radius, but
the white layer structure was not found. Branco et al. (2018)
analysed the surface integrity of AISI 4317 carburized steel
during hard turning. There were compressive residual stress
and a white layer on the machined surface. The white layer
was produced when the cutting temperature was lower than
the austenitizing temperature of AISI 4317, and the cutting
feed was positively correlated with the thickness of the white
layer. More and more scholars are paying attention to the
influence of the turning parameters of hard turning on sur-
face integrity indexes, such as surface morphology (Zhou
et al., 2024), microhardness (Dash et al., 2021), residual
stress (Elsheikh et al., 2022), and surface metamorphic layer
(Zhang et al., 2021).

In this research, AISI M2 was mainly used to machine the
valve core of a high-pressure common rail single pump of
an engine, which operated in complex working conditions.
Therefore, it is essential to investigate the surface integrity of
the AISI M2 workpiece during hard turning. Although many
scholars have researched the surface integrity, they have not
explored the surface integrity of the AISI M2 workpiece dur-
ing hard turning. The main purpose of this research is to anal-
yse the influence of hard turning parameters on the surface
integrity of the AISI M2 workpiece to improve the service
life of the AIST M2 workpiece under complex working condi-
tions and enrich the surface integrity research of hard-turning
precision machining.

AISI M2 is a high-carbon steel with high hardness, high
wear resistance, and high heat resistance, also known as high-
speed tool steel (Hacisalihoglu et al., 2017). The blank of the
AISI M2 workpiece is cylindrical, with a diameter of 10 mm
and a length of 100 mm. After being subjected to quench-
ing and tempering treatments, the workpiece has a hardness
of 62+ 1 HRC, a yield strength of 1350 MPa, and a tensile
strength of 2280 MPa.

The precision cutting lathe used in this research was the
Hembrug Mikroturn 100 (Netherlands), as shown in Fig. 1.
The lathe adopts a hydrostatic spindle and hydrostatic guide
rail, the maximum turning diameter is 380 mm, the hydro-
static spindle power is 7.5kW, and the spindle speed can
reach 10000 r min~!. The Hembrug Mikroturn 100 is mainly
used for precision turning of hardened materials, and its ma-
chining accuracy can reach the standard of precision grind-
ing.

Cubic boron nitride (CBN) has high hardness, high wear
resistance, and good chemical stability at high tempera-
ture (Tu et al., 2022). A CBN tool is considered the best
tool for hard cutting, and it is very suitable for machining
hardened steel with hardness greater than 50 HRC (Tu et
al., 2023). Therefore, the tool material used for hard turning
AISI M2 was cubic boron nitride. The insert is manufactured
by Sandvik, with a negative chamfer on the rake face sized
at —20° x 0.1 mm, a clearance angle of 7°, and a nose ra-
dius of 0.2 mm. It is worth noting that each tip of the CBN
tool can be used for only one cutting to ensure the accuracy
of tool wear and avoid interference with later experiments
due to tool wear. The microscopic defects and white layer
on the machined surface of the AISI M2 workpiece were
observed and analysed by scanning electron microscopy. A
laser scanning confocal microscope was used to measure the
three-dimensional roughness of the AISI M2 workpiece. An
x-ray residual stress analyser was used to measure the resid-
ual stress of the AISI M2 workpiece. A nano-indenter was
used to analyse the microhardness of the AISI M2 workpiece.

The selection of the cutting parameters for hard turning was
carried out by referring to the recommendations of tool man-
ufacturers and the suggestions of other scholars (Chung et
al., 2022). The cutting speed for hard turning the AIST M2
workpiece was 80-200 mmin~—!, the cutting feed for hard
turning AISI M2 was 0.05-0.2mmr~", and the cutting depth
for hard turning AISI M2 was 0.1-0.25mm. New CBN
blades and CBN blades with wear of 0.1 and 0.2 mm were
selected as the hard-turning tools. Table 1 shows the machin-
ing scheme of hard turning AISI M2. In Table 1, the symbol
“+4” indicates that the corresponding item was detected, and
“~” indicates that the corresponding item was not measured.
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Figure 1. Hembrug Mikroturn 100 (Netherlands) horizontal CNC lathe.

Table 1. Experimental planning for hard turning the AISI M2 workpiece.

Run Turning parameters ‘ Detection type
Turning speed  Turning feed Turning depth  Tool wear Surface Residual ~ White Micro
(m min~1) (mmr™ 1) (mm) (mm) | roughness stress layer  hardness

1 80 0.1 0.15 0 + + + -
2 120 0.1 0.15 0 + + + -
3 160 0.1 0.15 0 + + + -
4 200 0.1 0.15 0 + + + -
5 120 0.05 0.15 0 + + - -
6 120 0.1 0.15 0 + + - -
7 120 0.15 0.15 0 + + - -
8 120 0.2 0.15 0 + + - -
9 120 0.1 0.1 0 + + - -
10 120 0.1 0.15 0 + + - -
11 120 0.1 0.2 0 + + - -
12 120 0.1 0.25 0 + + - -
13 240 0.1 0.15 0 — - + -
14 280 0.1 0.15 0 - - + -
15 320 0.1 0.15 0 - - + -
16 360 0.1 0.15 0 — - + -
17 200 0.1 0.15 0.1 - - + -
18 200 0.1 0.15 0.2 - - + +

3 Results and discussion

3.1 Surface morphology analysis

The surface morphology of the workpiece includes regular
surface microgeometric morphology and random surface de-
fects (Liang et al., 2019). Surface roughness is often used
to characterize the morphology of the machined surface,
which is a key factor to measure the machining quality in
the field of mechanical manufacturing (Danh and Cuong,
2023). Good surface roughness is helpful to improve the re-
liability of the workpiece. Bulaha (2015) thought that three-
dimensional roughness was more comprehensive in charac-
terizing the surface features of a workpiece. Todhunter et
al. (2017) conducted an online questionnaire survey to anal-
yse the use of three-dimensional roughness. The data came

https://doi.org/10.5194/ms-16-627-2025

from 179 questionnaires in 34 countries. The results of the
questionnaire showed that the most commonly used three-
dimensional roughness parameter was arithmetic mean devi-
ation S,. Therefore, S, was applied to describe the surface
features of the AISI M2 workpiece.

The peak and valley features of the AISI M2 workpiece
surface had good regularity and consistency, as shown in
Fig. 2a. However, there were micro-defects on the surface
of the AISI M2 workpiece along the turning feed direc-
tion, such as ploughing grooves, material side flow, adhesive
material particles, and surface tearing. These micro-defect
features were proved as shown in Fig. 2b and c. Jouini et
al. (2020) and Altan Ozbek (2023) also found similar mi-
croscopic defect characteristics on the workpiece surface in
the research of hard turning. The ploughing action of the
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tool on the surface of the workpiece, the scraping effect of
the carbide falling off the workpiece, and the hard particles
falling off the tool on the workpiece are all the reasons for
the formation of the groove. The squeezing effect of the tool
flank on the workpiece surface causes the groove to be plas-
tically deformed, thus forming the material side flow defect.
Broken chips adhere to the machined surface of the work-
piece under high temperature, forming microscopic defects
of adhesive particles. Figure 3d shows the energy spectrum
of adhesive material particles. It can be found that the debris
was consistent with the main elements contained in the AISI
M2 workpiece, in which the contents of carbon and oxygen
were very high. This also indicated that the adhesive mate-
rial particles were oxidized at high temperature during the
formation process. The high temperature and pressure gen-
erated in hard turning make the tiny materials of the work-
piece surface bond with the tool. These tiny materials are
detached from the workpiece surface under the cutting mo-
tion of the tool, thus forming microscopic defects of surface
tearing. The above microscopic defects and their causes were
also expounded in previous studies (Zhou et al., 2024).

The turning speed promoted the improvement in surface
accuracy of the workpiece (Lima et al., 2005), as shown
in Fig. 3a. When the turning speed during hard turning of
the AISI M2 workpiece was 80 mmin—!, its surface accu-
racy was the lowest, and the value of S; was 1.617 um.
When the turning speed during hard turning of AISI M2
was 200mmin~!, the workpiece achieved the highest sur-
face accuracy, and its S, value was 1.102 um. A high turning
speed generates more cutting heat. The surface of the AISI
M2 workpiece was softened by the high cutting heat gen-
erated during hard turning, so the cutting force during ma-
chining decreased, thus improving the machining accuracy
of the workpiece surface. Turning feed is the primary fac-
tor affecting the surface accuracy of the workpiece (Dureja
et al., 2009). As illustrated in Fig. 3b, the improvement in
turning feed during hard turning of AISI M2 significantly
reduced its surface accuracy. When the turning feed dur-
ing hard turning of AISI M2 was changed from 0.05 to
0.2mmr~ !, its S, increased from 0.824 to 5.795 um. The in-
crease in turning feed not only leads to the increase in the
microscopic residual height on the surface of the workpiece
but also increases the cutting force (Bartarya and Choudhury,
2012), which makes the workpiece vibrate during machining.
Turning depth had little influence on the surface accuracy of
the AISI M2 workpiece, and S, firstly increased and then de-
creased, as shown in Fig. 3c. When the turning depth during
hard turning of AISI M2 was 0.1 mm, its S, was 1.231 um,
and the surface accuracy was the highest. When the turning
depth during hard turning of AISI M2 was 0.2 mm, the sur-
face roughness of the machined surface was the worst, and
its value S, was 1.382 um.

A metamorphic layer is produced on the machined surface of
the workpiece under severe thermal-mechanical combined
load. The metamorphic layer is a white layer between 0.1 and
100 um. The white layer has excellent corrosion resistance,
high hardness, and high brittleness, and there are random mi-
crocracks in it. The white layer formation fundamentally de-
pends on the thermal and mechanical effects experienced by
the workpiece material during machining. A high machining
speed usually causes a high deformation rate of the material
in the machining shear zone, thus generating massive cutting
heat and transferring it to the workpiece. The gradual wear
of the tool intensifies the friction between it and the work-
piece, thus increasing the heat output and shear distortion on
the surface of the workpiece.

There was a negligible amount of white layer on the ma-
chined surface of the AISI M2 workpiece in Run 1 and Run 2,
as shown in Fig. 4a and b. Although the white layer of Run 3
was still intermittent, its continuity relatively increased, as
shown in Fig. 4c. The pattern of the white layer in Run 4 was
continuous, the average value of the white layer was taken af-
ter many measurements, and its thickness was about 0.32 um,
as shown in Fig. 4d. From Run 13 to Run 15, although the
thickness of the white layer fluctuated, the overall change
trend of the white layer was still continuous, as shown in
Fig. 4e to g. The white layer pattern of Run 16 returned to the
intermittent state, as shown in Fig. 4h. That is to say, when
the turning speed was 80-200 mmin~!, the thickness of the
white layer increased with the increase in turning speed, and
there was a positive correlation between them. When the
turning speed was 200-360mmin~!, the thickness of the
white layer decreased with the increase in turning speed, and
there was a negative correlation between them. The influ-
ence of turning speed on the thickness of the white layer was
similar to the research results of other studies (Bartarya and
Choudhury, 2012; Fang-yuan et al., 2018). When the turn-
ing speed was 80-160m min~!, there was a discontinuous
trace of white layer structure on the machined surface, and
its thickness was approximately 0. When the turning speed
during hard turning of AISI M2 reached 360 m min~', the
thickness of the white layer was almost 0.

An increase in turning speed leads to an increase in cut-
ting heat (Czan et al., 2017), while the influence of the turn-
ing speed on the cutting force is relatively small (Chen-
wei et al., 2019). When the turning speed was low (80—
200mmin~!), the friction time between the tool flank and
the machined surface was longer, and more heat was trans-
mitted into the material. Cutting heat and cutting force jointly
facilitated the plastic deformation and phase transformation
of the machined surface of the workpiece, thus increasing the
thickness of the white layer on the machined surface. When
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Figure 2. Surface morphology features of the AIST M2 workpiece. (a) Run 1; (b) surface defects (magnified by 500 times); (c) surface
defects (magnified by 3000 times); (d) energy spectrum analysis.
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Figure 3. Influence of turning parameters on three-dimensional surface roughness S, of the AISI M2 workpiece. (a) Run 1 to Run 4;
(b) Run 5 to Run 8; (¢) Run 9 to Run 12.
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Figure 4. Influence of turning speed on the white layer of the AISI M2 workpiece. (a) Run 1; (b) Run 2; (¢) Run 3; (d) Run 4; (e) Run 13;
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Mech. Sci., 16, 627-637, 2025 https://doi.org/10.5194/ms-16-627-2025



the turning speed was high (200360 m min~"), the friction
time between the tool flank and the workpiece material be-
came shorter, and more cutting heat was transmitted to the
air by chips, so the thickness of the white layer tended to
decrease.

The increase in tool wear improves the cutting force and cut-
ting heat in hard turning and promotes the generation of the
white layer (Klocke et al., 2005). The white layer in Fig. 5
was continuous, and it became more obvious as the tool
wear intensified. When the CBN tool for hard turning AISI
M2 was a new tool, a tool with wear of 0.1 mm, and a tool
with wear of 0.2 mm, the corresponding white layer thickness
was about 0.32, 0.46, and 0.78 um, respectively. The wear of
the CBN tool used in hard turning AISI M2 was from O to
0.2 mm, and its white layer thickness increased by 143.75 %.
This indicated that the tool wear aggravated the occurrence
of the white layer.

The surface mechanical properties of workpieces mainly in-
clude surface hardness and surface residual stress. During the
precision machining process of hard turning, the workpiece
material is subjected to both mechanical load and thermal
load, resulting in residual stress and microhardness changes
on the surface of the workpiece.

The residual stress on the machined surface has a great in-
fluence on the geometric accuracy stability, fatigue strength,
and corrosion resistance of the workpiece (Poulachon et
al., 2005). The compressive or tensile properties of the
residual stress can be beneficial or harmful (Khoshaim et
al., 2021). Therefore, the residual stress generated in the pro-
cess of hard-turning precision machining is worthy of atten-
tion. Elsheikh et al. (2020) pointed out that hard turning pro-
duced compressive residual stress on the workpiece surface.

The effect of turning speed on residual stress on the sur-
face of the AISI M2 workpiece is shown in Fig. 6a. When
the turning speed during hard turning of AISI M2 increased
from 80 to 160 mmin~!, the axial residual stress gradually
improved, while the tangential residual stress showed an op-
posite trend. As the turning speed was increased from 160
to 200mmin~!, the axial residual stress was gradually re-
duced, and the tangential residual stress was gradually el-
evated. The maximum axial residual stress and the mini-
mum tangential residual stress on the machined surface of
AISI M2 appeared at the turning speed of 160 m min~!, and
their values were —72.1 £7 and —36.9 £ 18 MPa, respec-
tively. Within the range of the turning speed, the residual
stress was compressed in both the axial and tangential di-

rections. The effect of turning feed on residual stress on the
surface of the AISI M2 workpiece is shown in Fig. 6b. The
improvement in turning feed promoted the rise in axial resid-
ual stress. The component of the residual stress in the tangen-
tial direction fluctuated with the change in the turning feed,
and the regularity was not obvious. When the turning feed
during hard turning of AISI M2 was 0.05 mm1~!, the resid-
ual stress was the smallest in the tangential direction, and
its value was —28.6 ==2 MPa. When the turning feed during
hard turning of AISI M2 was 0.1 mm r—!, the residual stress
was the largest in the tangential direction, and its value was
—60.4 £ 22 MPa. Within the range of turning feed parame-
ters, the components of the residual stress in the axial and
tangential directions were compressive stress. Figure 6c¢ il-
lustrates the effect of turning depth on residual stresses on the
surface of the AISI M2 workpieces. With the improvement in
turning depth, the residual stress in the axial and tangential
directions tended to change from the compressed state to the
tensile state.

Many scholars (Paengchit and Saikaew, 2023) have studied
the microhardness change of the machined surface of the
workpiece in hard turning and reached a universal conclu-
sion: the microhardness of the white layer is obviously higher
than that of the matrix material. The white layer is very thin,
which makes the microhardness value often misleading, and
it is often noticed that there is a big unexpected change in the
microhardness value (Micietova et al., 2023). The detection
mode of the nano-indenter was a continuous stiffness pattern,
and the position of its detection point is shown in Fig. 7. The
vertical distance between the first and third detection points
was 5 um, and the vertical distance between the third and fifth
detection points was 10 um. In order to reduce the measure-
ment error, the microhardness was continuously measured
three times, and the measurement distance was 25 um each
time.

The microhardness of the AISI M2 workpiece surface is
shown in Fig. 8a. The change in microhardness was ran-
dom and had no obvious regularity. This was mainly due
to the random distribution of carbides with high hardness in
the AISI M2 matrix. The distribution of high-hardness car-
bides of the AISI M2 material detected by EBSD is shown
in Fig. 8b. The thickness of the white layer formed by hard-
turning precision machining of AISI M2 was far less than
1 pm, and the distance between the first indentation point and
the surface was more than 1um, so it was difficult to cap-
ture the mechanical properties of the white layer (Bertolini
et al., 2020); thus, the hardness of the white layer could not
be reflected in Fig. 8a.
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4 Conclusions

Based on an analysis of the surface characteristics of AISI
M2 workpieces after hard turning, the present study drew the
following conclusions:

1. The surface morphology of workpieces machined by
hard turning was found to exhibit good regularity and
consistency, while micro-defects such as ploughing
groove, material side flow, adhered material particles,
and surface tearing were observed. The turning feed was
shown to have the most significant impact on the three-
dimensional surface roughness S,: when the feed rate
was increased from 0.05 to 0.2mmr !, S, surged from
0.824 to 5.795 um.

https://doi.org/10.5194/ms-16-627-2025

2. When the turning speed was lower than 200 m min~!

)

the white layer thickness was positively correlated with
the speed (approximately 0.32um at 200mmin~!);
when it was higher than 200 m min~!, a negative corre-
lation was observed (approximately 0 at 360 m min~!).
When the tool wear was increased from 0 mm to 0.2
mm, the white layer thickness was increased from 0.32
to 0.78 um, with an increase rate of 143.75 %.

The residual stress generated by hard turning was
mainly compressive, with the maximum axial compres-
sive stress (—72.1 & 7 MPa) observed at a cutting speed
of 160 mmin~!. The presence of the metamorphic layer
significantly increased the surface hardness, while the
random distribution of carbides in the matrix resulted in
no obvious regularity in the variation of microhardness.

Mech. Sci., 16, 627-637, 2025
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