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Abstract—The microstructure and local fields of internal stresses arising in the surface layer of 0.4C–1Cr
structural alloy steel (type 40X) samples after machining by cutting are investigated. Before treatment, the
samples were subjected to recrystallization annealing at a temperature of 600°C for 60 min. Sample process-
ing was carried out in three modes: finishing (mode 1); sequential combination of roughing and semifinishing
(mode 2); sequential combination of roughing, semifinishing, and finishing (mode 3). In processing modes
1, 2, and 3, chips were removed to a depth of 0.25, 1.5, and 1.75 mm, respectively. Transmission electron
microscopy was used to determine the amplitude of the curvature-torsion of the crystal lattice of the phases
formed, the excess dislocation density, and the amplitude of internal stresses. It was found that the main
phase components in steel 40X after cutting are represented by lamellar pearlite with different morphology
and fragmented and unfragmented ferrite.
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INTRODUCTION
Currently, parts of machinery and equipment are

usually manufactured by means of sequential process-
ing [1]. At the first stage, the product undergoes
roughing [2], which is needed to give the blank the
dimensions and shape close to the required ones. At
the second and third stages, semifinishing [3] and fin-
ishing [4] are performed. Modern machining tools for
mechanical processing allow achieving accuracy up to
0.001% [5]. The use of such an approach, when a part
is cut out of a workpiece, and then allowances for
semifinishing and finishing of the surface of the parts
are removed, is economically inexpedient, since a sig-
nificant part of the material is lost in this case [6].
Recycling of excess workpiece material is possible
after its reprocessing, for example, by remelting [7].

Alternative processing methods are additive tech-
nologies [8], including construction of products layer-
by-layer from molten plastic threads [9], selective laser
fusion of metal powders [10], selective laser sintering
of polymer powders [11], laser stereolithography,
laser-assisted solidification of liquid photopolymer
materials [12], multi-jet modeling using photopoly-
mers or wax materials [13, 14], curing of liquid photo-
polymers by ultraviolet radiation [15], layer-by-layer

distribution of an adhesive over a gypsum powder
material [16], electroexplosive additive technologies
[17, 18], and others. However, in practice, after the
production of parts by additive methods, their surface
is usually finalized by subtractive production methods
[19]. Advancing technologies for obtaining initial
blanks lead to the possibility of abandoning roughing
stages of processing and the transition to finishing
operations.

Russian structural alloy steel 40X [20] and its for-
eign counterparts [21] are widely used for the produc-
tion of various parts and have been well studied. At the
same time, changes in the structure of this steel after
various types of machining have not been studied suf-
ficiently.

Using transmission electron microscopy (TEM),
this work examines the structure of steel 40X after
machining by cutting.

EXPERIMENTAL
We investigated steel 40X after recrystallization

annealing at a temperature of 600°C for 60 min. Steel
samples were subjected to finishing, rough–semifin-
ishing, or rough–semifinishing–finishing turning on
707
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Fig. 1. TEM image of the structure of steel 40X after finishing: P, defect-free lamellar pearlite; DP, destroyed lamellar pearlite;
FP, faulty lamellar pearlite; FrPII, secondarily fragmented lamellar pearlite; F, fragmented ferrite.
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a 16K20F3 lathe with the NC-210 numerical control
system. Machining was carried out using the Korloy
cutter with the CNMG120408-VM blade insert.

Finishing turning was carried out for a diameter of
35.5 mm and a cutting depth of 0.25 mm with a feed of
0.1 mm/rev at the rotation speed of 1200 rev–1.
Rough–semifinishing turning was carried out by
sequential rough turning (cutting depth 1 mm, feed
0.4 mm/rev, rotation speed 650 rev–1) and semifinish-
ing turning (cutting depth 0.5 mm, feed 0.25 mm/rev,
rotation speed 900 rev–1) for a diameter of 28.5 mm.
Rough–semifinishing–finishing turning was carried
INORGANIC MATE
out with a sequential combination of the above modes
for a diameter of 28 mm.

The structure of the steel was investigated by trans-
mission electron diffraction microscopy of thin foils
using an EM-125 microscope at an accelerating volt-
age of 125 kV. Samples for microscopy were prepared
by electrolytic thinning of foils cut from the sample on
an electric spark machine to 0.25–0.30 mm. Phases
were identified by microdiffraction patterns according
to the methods [22, 23]; quantitative phase analysis
was carried out according to the methods [24–26].
The volume fraction of structural components was
determined by the planimetric method [24]. The sca-
RIALS: APPLIED RESEARCH  Vol. 12  No. 3  2021
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Fig. 2. TEM image of the fine structure of steel 40X after finishing. Lamellar pearlite: DP, destroyed pearlite; FrPII, secondarily
fragmented pearlite; FP, faulty pearlite.
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Fig. 3. TEM image of lamellar pearlite of steel 40X after
finishing: (a) example of the formation of primary frag-
ments in pearlite near grain boundaries, (b) characteristic
structure of primarily fragmented lamellar pearlite. FP,
faulty lamellar pearlite; FrPI, primarily fragmented lamel-
lar pearlite.
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lar dislocation density ρ was measured by the secant
method [27] and the excess dislocation density ρ± =

ρ+ – ρ– (ρ+ and ρ– are the density of positively and

negatively charged dislocations, respectively) was
measured locally from the misorientation gradient (or
from the curvature-torsion of the crystal lattice χ)
[28–30]. Internal shear stresses (or forests of disloca-
tions) and long-range stresses were determined [31].

RESULTS AND DISCUSSION

Finishing
Typical TEM images of all morphological struc-

tures of lamellar pearlite are shown in Figs. 1–5. All
lamellar pearlite formed as a result of finishing can be
divided into the following morphological compo-
nents:

1. Defect-free lamellar pearlite, whose volume
fraction was 5% of the total volume of the material.

2. Defect-free lamellar pearlite with curved cemen-
tite plates, volume fraction of 5%.

3. Faulty lamellar pearlite, volume fraction of 20%.

4. Destroyed lamellar pearlite, volume fraction of
20%.

5. Primarily fragmented lamellar pearlite, volume
fraction of 25%.

6. Secondarily fragmented lamellar pearlite, vol-
ume fraction of 5%.

Primarily fragmented lamellar pearlite is a mixture
of defect-free and faulty lamellar pearlite with straight
and curved cementite plates, with primary fragments
formed in the α-phase plates. This combination is due
to the closeness of all quantitative parameters in these
structures.

Ferrite, the volume fraction of which was 20%, was
all fragmented; non-fragmented ferrite was not found.

As can be seen from the figures, grains with differ-
ent morphological components are present and adja-
cent to each other in a random manner (Figs. 1 and 2).
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
Nevertheless, the formation of primary fragments in

pearlite is most pronounced near grain boundaries

(Figs. 3a, 4, and 5). The formation of secondary frag-

ments in pearlite, apparently, begins in fractured

pearlite also near the grain boundary (Figs. 1 and 2).

Figure 1 shows that the structure of destroyed pearlite
 12  No. 3  2021
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Fig. 4. TEM image of the fine structure of steel 40X after
finishing: FP, faulty lamellar pearlite; FrPI, primarily frag-
mented lamellar pearlite.
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Fig. 5. TEM image of the fine structure of steel 40X after
finishing: F, fragmented ferrite; FrPI, primarily frag-
mented lamellar pearlite.
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Fig. 6. TEM image of the fine structure of steel 40X after
roughing–semifinishing: (a) destroyed areas of pearlite
colonies, (b) characteristic morphology of destroyed
pearlite colonies. Lamellar defect-free pearlite (areas of
destroyed lamellar pearlite DP are marked).
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contains small fragments, which are most noticeable
near the boundary with grains of fragmented ferrite.
Figure 2 shows that between grains with faulty and
destroyed pearlite there is a section of grains of sec-
ondarily fragmented pearlite, but while the boundary
with grains of faulty pearlite can be identified quite
clearly, no clear boundary between the destroyed and
secondarily fragmented pearlite is visible.

Finishing of the sample alters quantitative parame-
ters that characterize the structure; the effect of finish-
INORGANIC MATE
ing on various morphological components of pearlite

varied (Table 1).

Curvature-torsion of the α-phase crystal lattice in

all morphological components of lamellar pearlite,

except for the secondarily fragmented pearlite, is plas-

tic in nature, that is, χ = χpl, ρ > ρ± and σsh > σd. In the

secondarily fragmented pearlite, the curvature-torsion

of the α-phase crystal lattice is elastoplastic, that is,

χ = χpl + χel, ρ < ρ±, and σsh < σd (σd =  + ).

Here χ is the average curvature-torsion amplitude of

the α-phase crystal lattice; χpl is the curvature-torsion

amplitude of the α-phase crystal lattice during plastic

deformation; χel is the curvature-torsion amplitude of

the α-phase crystal lattice during elastic deformation;

ρ is the scalar dislocation density; ρ± is the excess dis-

location density; σsh is the amplitude of internal shear

stresses; σd is the amplitude of internal local stresses;

 is the amplitude of internal local stresses during

σpl

d σel

d

σpl

d
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Table 1. Quantitative parameters of the fine structure of samples after finishing

Morphological component of 

steel matrix

Scalar dislocation 

density ρ,

1010 cm–2

Excess 

dislocation 

density ρ±,

1010 cm–2

Curvature-torsion 

of crystal lattice χ, 

cm–1

Amplitude of internal stresses

shear stress

σsh, MPa

local stresses

σd, MPa

Lamellar pearlite

Defect-free 2.45 1.88 470 315 275

Defect-free with curved cemen-

tite plates

2.94 2.89 705 340 335

Faulty 2.65 2.12 530 325 290

Destroyed 4.05 3.36 840 400 365

Primarily fragmented 3.24 1.78 445 360 265

Secondarily fragmented 3.98 3.98 1000

(905 for pl.,

95 for el.)

400 530

(400 for pl.,

130 for el.)

In pearlite 3.27 2.47 620

(615 for pl.,

5 for el.)

360 315

(305 for pl.,

10 for el.)

Ferrite

Fragmented 3.63 2.92 730 380 340

In ferrite 3.63 2.92 730 380 340

Average in material 3.34 2.56 640

(635 for pl.,

5 for el.)

365 320

(310 for pl.,

5 for el.)

Table 2. Quantitative parameters of the fine structure of samples after roughing—semifinishing

Morphological 

component of steel 

matrix

Scalar dislocation 

density ρ, 1010 cm–2

Excess dislocation 

density ρ±,

1010 cm–2

Curvature-torsion 

of crystal lattice χ, 

cm–1

Amplitude of internal stresses

shear stress σsh, 

MPa

local stresses σd, 

MPa

Lamellar pearlite

Defect-free 3.12 1.84 460 350 270

Defect-free with curved 

cementite plates

2.40 1.79 470 310 265

Faulty 3.18 3.18 795 355 355

Destroyed 2.80 2.80 700 335 335

In pearlite 3.03 2.35 590 345 305

Ferrite

Unfragmented 2.57 2.36 590 320 305

Fragmented 2.40 1.08 270 310 235

In ferrite 2.44 1.40 350 310 265

Average in material 2.91 2.16 540 340 290
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Fig. 7. TEM image of the fine structure of steel 40X after roughing–semifinishing. Lamellar pearlite (DP, destroyed areas of
pearlite colonies).
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plastic deformation;  is the amplitude of internal

local stresses during elastic deformation.

Since the main part of the steel structure is repre-

sented by the pearlite component, the average values

  of all parameters are determined mainly by their values

  for the pearlite component. Therefore, in general for

the material, values   of ρ, ρ±, and σsh were the highest

and the value of ρd was the lowest. Here, the plastic

component σd averaged over the material is the high-

est, while the elastic component is the lowest; there-

fore, the risk of macrocracking, which can lead to the

destruction of the material, is minimal.

σel

d

INORGANIC MATE
Roughing–Semifinishing
This treatment of the sample alters the morphology

of the structural components (Figs. 6–10). The main
structural components are lamellar defect-free pearl-
ite and destroyed lamellar pearlite (Fig. 6); destroyed
areas of pearlite colonies (Fig. 7); defect-free lamellar
pearlite with curved cementite plates and faulty lamel-
lar pearlite (Fig. 8); faulty lamellar pearlite and frag-
mented and non-fragmented ferrite (Fig. 9); and
lamellar defect-free pearlite, faulty lamellar pearlite,
and fragmented ferrite (Fig. 10).

In defect-free lamellar pearlite (both with straight
and curved cementite plates), the dislocation structure
is only partially polarized, that is, ρ > ρ±, while in
RIALS: APPLIED RESEARCH  Vol. 12  No. 3  2021
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Fig. 8. TEM image of the fine structure of steel 40X after
roughing–semifinishing. Defect-free lamellar pearlite with
curved cementite plates (FP, area of   faulty lamellar pearlite).

DP
500 nm

Fig. 9. TEM image of the fine structure of steel 40X after
roughing–semifinishing. Faulty lamellar pearlite (FP),
fragmented (F), and non-fragmented (NF) ferrite.

F
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500 nm
faulty and destroyed lamellar pearlite it is completely
polarized, that is, ρ = ρ±.

Ferrite includes both non-fragmented (~5%) and
fragmented dislocation substructure (~15%). The cur-
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.

Table 3. Quantitative parameters of the fine structure of sam

Morphological 

component of steel matrix

Scalar

dislocation 

density ρ,

1010 cm–2

Excess dislocatio

density ρ±,

1010 cm–2

Lamella

Defect-free 2.65 1.90

Faulty 2.25 2.18

Destroyed 2.94 2.56

Primarily fragmented 2.35 2.35

Secondarily fragmented 4.12 4.12

In pearlite 2.72 2.42

Fer

Fragmented 2.0 1.74

In ferrite 2.0 1.74

Average in material 2.68 2.28
vature-torsion of the crystal lattice in non-fragmented

ferrite is plastic in nature (χ = χpl, ρ > ρ±), just as in

fragmented ferrite (Table 2).

After processing the sample in the roughing–semi-

finishing mode, pearlite is the main structural compo-

nent of steel; therefore, the average values   of all struc-

tural parameters are determined by their values   for the

pearlite component. Since the treatment significantly

reduced such parameters of the structure as χ, ρ±, and

σd, the risk of microcracking in the material is mini-

mized.
 12  No. 3  2021

ples after roughing–semifinishing—finishing

n 
Curvature-torsion of 

crystal lattice χ, cm–1

Amplitude of internal stresses

shear stress σsh, 

MPa

local stresses σd, 

MPa

r pearlite

475 325 275

545 300 295

640 340 320

625

(585 for pl.,

40 for el.)

305 360

(305 for pl.,

55 for el.)

1455

(1030 for pl.,

425 for el.)

405 985

(405 for pl.,

580 for el.)

670

(605 for pl.,

65 for el.)

330 395

(310 for pl.,

85 for el.)

rite

435 280 265

435 280 265

620

(570 for pl.,

50 for el.)

320 370

(300 for pl.,

70 for el.)
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Fig. 10. TEM image of the fine structure of steel 40X after roughing–semifinishing: (a) structure based on defect-free lamellar
pearlite and fragmented ferrite, (b) structure based on faulty lamellar pearlite and fragmented ferrite. P, defect-free lamellar pearl-
ite; FP, faulty lamellar pearlite; F, fragmented ferrite.
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Fig. 11. TEM image of the fine structure of steel 40X after successive roughing–semifinishing–finishing: (a) defect-free lamellar
pearlite; (b) defect-free lamellar pearlite with curved cementite plates.
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Roughing–Semifinishing–Finishing

Micrographs of the steel structure after roughing–

semifinishing–finishing are shown in Figs. 11–14.

The main structural components are defect-free
INORGANIC MATE
lamellar pearlite and defect-free lamellar pearlite with

curved cementite plates (Fig. 11), primarily frag-

mented lamellar pearlite (Fig. 12), primarily and sec-

ondarily fragmented lamellar pearlite (Fig. 13), and

fragmented ferrite, secondarily fragmented lamellar
RIALS: APPLIED RESEARCH  Vol. 12  No. 3  2021
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Fig. 12. TEM image of the fine structure of steel 40X after
successive roughing–semifinishing–finishing. Primarily
fragmented lamellar pearlite.

500 nm

Fig. 13. TEM image of the fine structure of steel 40X after suc-
cessive roughing–semifinishing–finishing. Primary (FrPI)
and secondary (FrPII) fragmented lamellar pearlite.
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Grain
boundary

500 nm

Fig. 14. TEM image of the fine structure of steel 40X after successive roughing–semifinishing–finishing: (a) structure based on
destroyed lamellar pearlite with preserved orientation of pearlite plates and fragmented ferrite, (b) structure based on destroyed
lamellar pearlite with preserved directionality of pearlite plates and secondarily fragmented lamellar pearlite. F, fragmented fer-
rite; FrPII, secondarily fragmented lamellar pearlite; DP, destroyed lamellar pearlite with preserved orientation of pearlite plates.
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pearlite, and destroyed lamellar pearlite with the pre-

served orientation of pearlite plates (Fig. 14). Table 3

shows values   of the parameters characterizing the

structure of all the presented morphological compo-

nents of the steel (scalar dislocation density; width of

bending extinction contours, which were used to

determine the amplitude of curvature-torsion of the

α-phase crystal lattice; the excess dislocation density;

and the amplitude of internal stresses in different areas

of the material).
INORGANIC MATERIALS: APPLIED RESEARCH  Vol.
In both the morphological components of fragmented

pearlite, the plastic component of curvature-torsion of

the α-phase crystal lattice exceeds the elastic one: in pri-

marily fragmented pearlite, the χpl value is higher than χel

by ~15 times; in fragmented pearlite, it is higher by

2.5 times. The plastic component of the amplitude of

long-range stresses is greater than the elastic component:

in the primary fragments of pearlite by 5.5 times, while in

the secondary fragments, on the contrary, the elastic

component is almost 1.5 times larger than the plastic one.
 12  No. 3  2021
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CONCLUSIONS

1. Regardless of the machining mode applied to
steel 40X, the main morphological components of the
structure are lamellar pearlite (defect-free, faulty,
destroyed, and fragmented) and ferrite (fragmented
and non-fragmented). The volume fractions of mor-
phological components depend on the machining
mode.

2. Finishing carried out without preliminary stages
leads to the formation of a faulty substructure in 95%
of the material volume (20% ferrite + 75% lamellar
pearlite). After roughing–semifinishing, a faulty sub-
structure is formed in 50% of the volume (15% ferrite +
35% lamellar pearlite). Sequential roughing–semifin-
ishing–finishing leads to the formation of a faulty sub-
structure in 75% of the material volume (20% ferrite +
55% lamellar pearlite).

3. Despite the high fragmentation of the structure,
the probability of microcracking during finishing is
minimal. Roughing–semifinishing–finishing leads to
the formation of a higher plastic component of the
amplitude of long-range stresses, and the areas of
nucleation of secondary fragments may give rise to
microcracks.
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