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Abstract In this paper, the microscopic mechanism of
080A15 and 30CrMnMo steel chip failure modes has been
studied at the level of valence electron structure (VES) based
on the empirical electron theory (EET) of solids and mole-
cules. Studies show the bonding ability and the lattice electron
density are related to the chip failure form. If the bonding
ability is weak and the lattice electron density is high, the chip
is more prone to ductile fracture. Conversely, the chip is more
prone to adiabatic shear failure to form the serrated chip di-
vided uniformly by adiabatic shear bands (ASBs). For
080A15 steel, the bonding force between atoms is weak, and
the lattice electron density is very high. It is difficult to pro-
duce the thermal-mechanical instability. Thus, the chip was
formed by ductile fracture. For 30CrMnMo steel, the total
bonding ability of each structural unit of carbon and alloy
elements is stronger, and the lattice electron density of each
structural unit is weaker, the temperature can rise instanta-
neously to a very high level to form the serrated chip with
the adiabatic shear failure. The results of this research provide
useful insights on material design and selection in high-speed
cutting by studying the specific alloy elements on the influ-
ence of chip failure mechanism at the VES level.
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1 Introduction

At present, the high-speed cutting technology has be-
come the development direction of machining technolo-
gy [1, 2]. During high-speed cutting process, the impact
between the tool and workpiece confines shear deforma-
tion in a small area causing the temperature to rise up
sharply to produce a thermal softening phenomenon to
form the adiabatic shear band (ASB). At this extreme
working condition, traditional cutting theory faces chal-
lenges to provide clear understanding of chip failure
mechanism and influencing factors because of the high
speed and difficulty of online detection [3].

Existing researches have shown that serrated chips with
uniform interval of ASBs can occur in many materials in
the process of high-speed cutting, high-speed grinding,
high-speed milling, etc. These materials include hardened
steel, Ni-Fe super alloy, nickel-based alloy, titanium alloy,
and so on [4-13]. The serrated chip will affect the surface
quality and tool wear and cause a high-frequency change
of cutting force [14]. Therefore, the study of serrated chip
failure mechanism is of great significance.

ASB is a localized deformation band produced under
the condition of high strain rate, large strain, and heat
concentration resulting from thermal-mechanical instability
in a material when thermal softening exceeds strain hard-
ening. It is usually the forerunner of material fracture [15].
There are two kinds of ASBs: one is phase-transformed
ASB which is associated with microstructural changes and
the other is deformed ASB composing of seriously
distorted grains, flow lines, and large plastic deformation
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without any phase change. The studies have shown that it
is possible to produce a variety of microstructural changes
in ASBs, such as phase transformation, dislocation, recrys-
tallization, amorphization, and so on [16, 17].

The factors affecting the localized deformation of adiabatic
shear are the intrinsic constitutive relation, thermophysical
properties of materials, such as strength, thermal conductivity,
density, and specific heat [18, 19], and external factors, such
as cutting speed, cutting thickness, cutting tool rake angle, and
so on. Among these factors, material property plays a very
important role. The stronger the material strength or the small-
er the thermal conductivity, the easier the occurrence of ASB
as well [20, 21].

The difference of the density or specific heat is smaller for
common steel materials. But the difference of the thermal
conductivity or strength much affected by compositions and
microstructures usually is very big. Thus, the main factors
affecting the adiabatic shear failure are the thermal conductiv-
ity and strength under the same experimental condition—
identical cutting speed, cutting thickness, and cutting tool rake
angle.

At present, many studies on the failure mechanism of ser-
rated chip have focused mostly on the tests and the effect of
microstructure and properties of the materials based on mac-
roscopic understanding; explanations are phenomenological.
The studies are hard to break through in theory.

Due to material macro performance mainly relying on
its microelectronic structure, it is of great significance to
study the characteristics of serrated chip damage from
the perspective of valence electron structure (VES) to
design and select appropriate material based on the adi-
abatic shearing phenomena.

The empirical electron theory (EET) [22] based on Panling
metal electronic theory was proposed by Professor Yu
Ruihuang. It describes VES according to the atom hybrid
state. The VES parameters of 78 elements have already been
calculated in the EET, which are listed in the hybridization
tables [23]. The material performance can be studied further
from atom structure to the electron structure by the EET. Re-
searchers have been studying the practical application of the
EET for over 30 years. The research results about EET can be
found in detail in [22-28]. The VES of inter-metallic com-
pound and cast iron were analyzed [29-31], the calculation
of the lattice constant of solids and the yield strength in some
steels [32—34] were given, and the theoretical basis for the
chemical composition design of titanium alloys was provided
[35] using the VES parameters. The researchers have also

Table 1  The chemical compositions of 080A15 steel (Wt%)
C Si Mn Cr Ni
0.18-0.28 <0.30 0.40-0.70 <0.30 <0.30

Table 2  The chemical compositions of 30CrMnMo steel (wWt%)

C Si Mn Cr Mo

0.26-0.32 0.20-0.33 0.85-1.00 0.90-1.05 0.35-0.45

studied the relationship between the VES and physical perfor-
mance of material (melting point, boiling point, magnetism,
and so on) [3640].

Precisely because of these practical applications of the
EET, it establishes the foundation for studying the micro fail-
ure mechanism of chip in the process of high-speed cutting
from the level of the VES with the EET.

Therefore, in this paper, the micro failure mechanism of
chip in the process of high-speed cutting was studied from
the level of the VES with the EET.

2 Experimental procedures

Two workpiece materials of 080A15 and 30CrMnMo steel
pipes are used in this study. The diameter is 20 mm and the
wall thickness is 1.5 mm. The manufacturing processes of the
two steels are, respectively, converter smelting, refining, and
rolling. The cutting test were carried out on the high-speed
precision sawing machine using high-speed steel (HSS) saw
blade whose type is ¢p200x3.0x60Z; the cutting speeds are
ranged from 3100 to 13,800 m/min. The lengthwise streaking
travel rate of the machine table is 180 m/min, max lateral
travel is 2500 mm, and lengthwise position location accuracy
is 0.1 mm. Metallographic specimens were made of chips for
microscopic observation. The chemical compositions are
shown in Tables 1 and 2. The thermal physical parameters
are shown in Table 3 [41, 42].

3 Experimental results and discussion

3.1 The chip microscopic failure characteristics of 080A15
and 30CrMnMo steels

The original microstructure of the 080A 15 steel workpieces is
shown in Fig. 1. The different microstructure on the surface of
the 080A15 steel chip at different cutting speeds is shown in

Table 3  The thermal physical parameters of the experimental steels

Materials Tensile Thermal Specific heat ~ Density
strength conductivity Jkg K)! kgm >
MPa W(mK)™!

080A15A 450 65 745 7.8x10°

30CrMnMo 1100 31.90 587 7.8%10°
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Fig. 1 The original microstructure of the 080A15 steel workpiece

Fig. 2. There are many stripes on the surface of the chip under
the speed of 5000 m/min, as shown in Fig. 2a; grain deforma-
tion is severe at the speed of 7500 m/min, as shown in Fig. 2b;
there are many grooves showing good plastic liquidity on the
surface of the chip at the speed of 11,300 m/min, as shown in
Fig. 2¢; and the recrystallization makes grains dense and fine
at the speed of 13,800 m/min, as shown in Fig. 2d, but there is
no ASB at all.

For 30CrMnMo steel, the area in Fig. 3a where the
white arrows are pointing to is the original microstruc-
ture. ASBs were found by scanning electron microscope
and metallographic microscope in the chip. The de-
formed ASBs in which the grain deformation was se-
vere but the structure did not change occurred at the
speed of 5000 m/min, as shown in the white square of
Fig. 3a where the white arrows are pointing, and the
phase-transformed ASBs, on both sides of which the
grain deformation was severe, were found at the speed
of 7500 m/min, as shown in the black stripe of Fig. 3b.
The serrated chips divided uniformly by ASBs were
produced, as shown in Fig. 3c, d.

Fig. 2 The different
microstructure in the 080A15
steel chips: a v=5000 m/min, b
v=7500 m/min, ¢ v=11,300 m/
min, d v=13,800 m/min

3.2 The VES calculation of 080A15 and 30CrMnMo steels

080A15 steel is supersaturated interstitial solid solution that C is
in a—Fe. The Fe—C crystal cell in 080A15 steel is shown in
Fig. 4.

Fel, Fe2, and Fe3 are, respectively, Fe atom of different
positions, and the C atom is in the center of the Fe—C crystal
cell. The lattice constants of the Fe—C crystal cell can be cal-
culated with the carbon content (C wt%=0.2) [23]. That is
a.=0.26784 and ¢.=0.37876 nm.

Between p and v atoms, all the experiment bond length
D5 (unit: nm) of the Fe-C crystal cell in 080A15 steel can
be calculated by the lattice constant (a. and c.) and the geo-
metrical structure (Fig. 4). They are as the following:

1
DU = 2o = 018938 (1)
2

PSP = gac — 0.18939 (2)

V3 2 | 272
D;*gl-FeZ _ |:<7 ac) 4 <§Cc> :| = 0.26783 3)

2 2 %

3 1
D,l;f)z-Fﬂ — |:<§ ac> + <ECC> :| = (0.26783 (4)
DFF _ 4 0.26784 (5)
27

peFe _ {ai n (%c) } = 0.32803 (6)
DIFeS — ¢ = 0.37876 (7)
DIEFFS — \/2q, = 037878 (8)
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Fig. 3 The ASB microstructure
in the 30CrMnMo steel chips: a
v=5000 m/min, b v=7500 m/min,
¢ the serrated chip with deformed
ASB, d the serrated chip with
transformed ASB
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The covalent bond length calculated by the covalent elec-
tron pair number 7, is called theoretical bond length D'" . n, is

covalent electron pair number of & bond (=4, B, C, ...... ,N
represent all covalent bonds in a structural unit, 74is the big-
gest one.)

Each atom is generally formed by the hybridization of the /
and ¢ states in the EET. The two kinds of states have respec-
tively its own single bond radii R(/), dumb pair electrons ng,
magnetic electron n,,, lattice electron n,, covalent electron 7.,
and total valence electron n1. The different material properties
are determined by these VES parameters. The hybridization of
h and ¢ states has many possibilities called the number of
hybrid level. There are different theoretical bond lengths with
different VES parameters in every hybrid level o.

The theoretical bond length D" corresponds with the ex-
perimental one D, if the difference between 552 and D’ is

Fe3 Fe3
O
Fel
Fe3 C\/C< Q /)/\
J C \_/ Fe3
F
Fe2 Fe2 c
Fe2
O\ Fe2
G E B
A D Fe3
eI
Fel \/\)
Fe3 C V22,
(/ H N Fe3
V2a,

() — Fe

Fig. 4 The crystal cell of Fe-C
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AD = |Dyyo=Dye | <0.005nm, namely the VES parameters at
this hybrid level o corresponds with the actual atom status.
Therefore, we can determine the covalence bond net and the
hybrid level of all kinds of atoms. It means that the VES is also
determined. This is called bond length difference (BLD) meth-
od. The VES of 080A15 were obtained using the BLD method
[43], as shown in Table 4.

The lattice electron density is defined as the ratio of the
total of lattice electron number and the total of valence elec-
tron number in a cell. For the Fe—C cell, the lattice electron
density is

CDom ol £ 2nfR 4 nfS

PFeCc = = el Fer re o X 100%
g ny iz T 2nrip - nrg + ngg

— 24.54% 9)

There are Fe-C—Me and Fe-C-Me'—Me” structural units in
the 30CrMnMo steel. Where Me is alloying element. The
VES of Fe-C—Me structural units can be calculated with the
same method.

Limited by space, only the lattice electron density and the
VES parameters related to the bonding ability (Eq. 13) for the
structural units containing carbon and alloy elements are
shown in Table 5.

3.3 The calculation of total bonding ability of structural
units containing C atoms in 080A15 and 30CrMnMo steels

The bonding ability F, of a band formed by u and v atoms is

arithmetic mean of their respective bonding ability f in the
EET [27, 28].

Fa=3(u+1.) (10)
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Table 4 The VES parameters

of Fe—C cell in 080A15 Fe—C cell Fel Fe2 Fe3 c
(C wt%=0.2) Pre-c=24.54% T=Al12 niy =1.0422 o=A10 n5=13518 T=A9 nly>=1.4838 056 ng=0
nsh=5.4025 n3=5.3241 nh$=5.2591 n$e=4
Bond name D% (nm) B/;Z (nm) ne AD™ (nm)
DS;Fe! 0.18938 0.18883 0.8060 0.00055
DS;Fe? 0.18939 0.18882 0.7976 0.00057
prel-Fe2 0.26783 0.26728 0.1839 0.00055
DFez-Fes 0.26783 0.26728 0.2143 0.00055
DpFg3-Fe2 0.26784 0.26729 0.2046 0.00055
DS:Fes 0.32803 0.32748 0.0105 0.00055
pFe3-Fes 0.37876 0.37821 0.0061 0.00055
pFe3-Fes 0.37878 0.37823 0.0059 0.00055
For the atom of s-p-d hybridization, there is where n,, is the covalent electron pair number of the o bond
containing C atom.
f=Va+ \/@ +g \/5 ‘ (11) For 080A15 steel, the Table 4 shows that the hybrid level o

where «, 3, and ~y represents, respectively, the compositions of
s, p, and d electrons in the hybrid orbital, and g is the contri-
bution of electron spin orbit coupling effect to the bonding
ability, for elements in the 4th, 5th, and 6th periods of the
periodic Table, g=1, 1.35, and 1.70, respectively.

(ITChy + I'T'Cio) /75
(mcha + mlcm) /nTa
= (nchff + n/Ct(r) /nTU

(12)

o
B
v

where /, m, n, and /';m',n' are, respectively, the number of
covalent electrons and lattice electrons of s, p, d electrons in
the 4 and ¢ states. 7 and 7 are, respectively, the parameters
related to the 4 and ¢ states, and value 0 when the s electron
is lattice electron and value 1 when s electron is covalent
electron. C,, and C,,, is, respectively, the compositions of
the ¢ and 4 states at a certain hybrid level o. ny, is the total
valence electron number at a certain hybrid level o.

F is defined as the total bonding ability of all bands con-
taining C atoms in a structural unit.

F =Y n.F, (13)

of C atom is 6, and the hybrid levels o of Fel, Fe2, and Fe3
atoms are, respectively, A12, A10, and A9 for Fe—C structure
unit. Therefore, the parameters calculating the bonding ability
are obtained from Tables 4 and 6 [23].

Thus, the total bonding ability of all bands containing C
atoms in the Fe—C structural unit can be obtained by Eqgs. 10—
13. That is

Frec = ZnaFa =nyFcrel +npFore2 + nrFcore3

= 3.7336

For 30CrMnMo steel, the C—Mo, C-Cr, and C—Mn
bonds are added in 30CrMnMo steel contrasting with
080A1S5 steel. According to the hybrid levels o of C,
Fe, Cr, Mn, and Mo atoms (Table 5), the parameters
calculating the bonding ability can be obtained from
Table 6. Similarly, the total bonding ability of the Fe—
C-Mo, Fe-C—Cr, and Fe-C—Mn structural units can be
calculated, as shown in Table 7.

In order to facilitate the comparison, the total bonding abil-
ity F, the biggest covalent electron pair number 7,4, and the
lattice electron density p are listed in Table 7.

Table 5 The VES parameters of Fe—-C—Me cell in 30CrMnMo (C wt%=0.3)

Fe-C—Cr, pc.cr=19.52%

Fe-C-Mn, peyin=17.52%

Fe-C-Mo, pc-m0=8.70%

Cr: 0=6, Fe2: 0=A12, Fe3: 0=A9, C: 0=6

Mn: 0=A2, Fe2: 0=A12, Fe3: 0=A10, C: 0=6

Mo: o=Al, Fe2: 0=A16, Fe3: 0=A15, C: 0=6

Bond name N, Bond name Ny, Bond name N,

DS ¢ 1.1072 pS;Mn 1.1184 DS Me 2.6272
DS;Fe? 0.7605 DS 0.7907 DS;Fe2 0.5261
DSFe 0.0106 DSiFe 0.0098 DS 0.0065
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Table 6 The VES parameters for calculating the bonding ability

Structural unit Atom Hybrid level o / m n T / m n T Cho Cy N7y
Fe-C Fel Al12 2 1 2 0 1 1 4 1 0.5211 0.4789 5.4789
Fe2 A10 2 1 2 0 1 1 4 1 0.6759 0.3241 5.3241
Fe3 A9 2 1 2 0 1 1 4 1 0.7419 0.2591 5.2591
C 6 2 2 0 0 1 3 0 1 0 1 4
Fe-C-Mo Mo Al 2 2 2 0 1 0 3 1 1 0 6
Fe2 Al6 2 1 2 0 1 1 4 1 0.0544 0.9456 5.9456
Fe3 Al5 2 1 2 0 1 1 4 1 0.1002 0.8998 5.8998
C 6 2 2 0 0 1 3 0 1 0 1 4
Fe-C-Mn Mn A2 1 2 2 0 1 2 4 1 0.9945 0.0055 5.0111
Fe2 Al2 2 1 2 0 1 1 4 1 0.5211 0.4789 5.4789
Fe3 A10 2 1 2 0 1 1 4 1 0.6759 0.3241 5.3241
C 6 2 2 0 0 1 3 0 1 0 1 4
Fe-C—Cr Cr 6 2 1 3 0 1 1 1 1 0.6807 0.3193 5.0421
Fe2 Al2 2 1 2 0 1 1 4 1 0.5211 0.4789 5.4789
Fe3 A9 2 1 2 0 1 1 4 1 0.7419 0.2591 5.2591
C 6 2 2 0 0 1 3 0 1 0 1 4

3.4 The chip failure microscopic mechanism of the 080A15
and 30CrMnMo steels

The experimental results of the above two materials under the
same experimental conditions are obviously different. The
main difference between 080A15A and 30CrMnMo steels is
that 30CrMnMo steel contains different alloy elements.

The phase transformation of alloys is the process of the old
covalent bond rupture and the new covalent bond formation.
The covalent bond formed between atoms in solids is the
skeleton which constitutes the entire unit cell. Therefore, the
stronger the total bounding ability of unit cell is, the more
difficult the rupture of covalent bond, the more powerful the
phase transformation resistance, and the higher the strength
and hardness is.

The calculation results of VES show that the total bonding
capability of Fe—C structure unit in the 080A 15 steel is Fe.c=
3.7336, and the total bonding capabilities of Fe-C—Mo, Fe—
C—Mn, and Fe—C—Cr units in the 30CrMnMo steel are Fge._c-
Mo="7.4859, Fge_c nvin=4.4130 and Fye_c.c;=4.3026, respec-
tively. Each bonding ability of these units containing alloy

Table 7 The VES of Fe-C-Me and Fe-C

Structure unit F ny p (%)
Fe-C-Mo 7.4859 2.6272 8.70
Fe-C—Cr 4.3026 1.1072 9.52
Fe-C-Mn 4.4130 1.1184 17.52
Fe-C 3.7336 0.8060 24.54

@ Springer

elements is stronger than that of Fe—C structural unit in the
080A15.

Therefore, the phase transformation is difficult in the struc-
tural units containing alloy elements, so that the resistance to
dislocation motion and the stability and the strength of the
alloy steel are all increased. Just as mentioned above, the
tensile strength of 080A15 and 30CrMnMo steels is 450 and
1100 MPa, respectively (Table 3).

The lattice electron can be free to move in the interstitial
void, and the lattice electron’s directional migration forms the
electric current under an external field in the EET [23]. Con-
sequently, the higher the lattice electron density, the higher the
electrical conductivity. The metal thermal conductivity is pro-
portional to the electrical conductivity according to
Wiedemann-Franz-Lorentz law. Thus, the decrease of the lat-
tice electron density means a decrease of crystal thermal
conductivity.

The lattice electron density of structure unit Fe—C in
080A15 steel is highest (24.54 %) compared to Fe-C—Mo,
Fe—C—Cr, and Fe-C—Mn. The lattice electron density of struc-
ture units Fe—C—Mo, Fe—C—Cr, and Fe-C—Mn is, respectively,
8.70, 9.52, and 17.52 % in 30CrMnMo steel (Table 7). This
demonstrates that the lattice electron density is reduced after
adding the alloy elements Cr, Mn, and Mo, namely the ther-
mal conductivity is reduced. In particular, the sharp decline in
the thermal conductivity is due to the huge drop of the lattice
electron density after adding the alloy element Mo. The ther-
mal conductivity of 080A15 and 30CrMnMo steels is 65 and
31.9 W(m K) ™', respectively (Table 3).

In summary, the failure mode of chip relates to the total
bonding capability of structure units and the lattice electron
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density from the perspective of VES. The stronger the total
bonding capability is, the higher the strength and the easier the
formation of serrated chip with ASBs is. Also, the lower the
lattice electron density is, the lower the thermal conductivity
and the easier the formation of serrated chip with ASBs is.
Therefore, it can be predicted to a certain extent by calculating
the value F' of the total bonding capability and the lattice
electron density p whether the serrated chip is produced or
how the serration segmented degree shows. So to some extent,
this study about the influence law of specific alloy elements on
the chip failure microscopic mechanism provides a new theo-
retical basis to design and select appropriate cutting material
to improve the workpiece surface quality by the calculation of
VES from the level of electronic structure.

4 Conclusions

» The factors influencing the chip failure mechanism are the
total bonding capability and the lattice electron density
from the perspective of VES. Chip failure mechanism is
a function of the parameters of the total bonding capability
and the lattice electron density.

» The stronger the total bonding capability or the lower the
lattice electron density, the easier the formation of serrated
chip with ASBs. To a certain extent, the formation of
serrated chip can be predicted by calculating the VES
parameters with the method of BLD in EET.

» To some extent, this study about the influence law of spe-
cific alloy elements on the chip failure microscopic mech-
anism provides a new theoretical basis to design and select
appropriate cutting material to improve the workpiece sur-
face quality by the calculation of VES from the level of
electronic structure.
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