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Аннотация. Методом просвечивающей дифракционной электронной микроскопии выполнены исследования тонкой структуры сталей 

промышленного назначения, которые обладают ОЦК-кристаллической решеткой (перлитные, феррито-перлитные и мартенситные). 
Проанализирована внутренняя структура зерен, определены скалярная плотность дислокаций в различных участках материала, источ-
ники внутренних напряжений и их амплитуда. Использование метода, основанного на анализе изгибных экстинкционных контуров, 
позволяет изучать внутренние напряжения. Изучение внутренних напряжений и их источников проведено на примере рельсовой стали 
Э76ХФ со структурой пластинчатого перлита после сверхдлительной эксплуатации (пропущенный тоннаж – 1770 млн т брутто). Места 
проведения исследования металла рельсов: вдоль центральной оси симметрии (поверхность катания) и вдоль радиуса скругления (рабочая 
выкружка) головки рельса на расстояниях 0, 2 и 10 мм от поверхности. По мере приближения к поверхности головки, независимо от 
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Abstract. The paper studies fine structure of industrial steels with BCC lattice (pearlite, ferrite-pearlite and martensite) using transmission diffrac-

tion electron microscopy. The internal structure of the grains was analyzed; the scalar density of dislocations in various parts of the material, 
the sources of internal stresses and their amplitude were determined. The use of a method based on the analysis of bending extinction contours 
allowed us  to study internal stresses. We analyzed the internal stresses and their sources using the example of 0.76С–Cr–V–Fe rail steel with 
a  lamellar pearlite structure after ultra long-term operation with the tonnage of 1770 million gross tons. The metal of the rails was examined 
along the central axis of symmetry (rolling surface) and the rounding radius (working fillet) of the railhead at distances of 0, 2 and 10 mm 
from the  surface. As  one approaches the head surface, regardless of the research direction (along the fillet rounding radius or along the axis 
of symmetry), the lamellar pearlite is gradually replaced by destroyed pearlite with formation of a ferrite-carbide mixture and formation of a frag-
mented structure. These processes occur more intensively in the working fillet. Along the entire central axis of symmetry of the rail head (rolling 
surface), there is a plastic bending-torsion of the crystal lattice, along the rounding radius of the rail head (working fillet) at a distance of 10 mm 
from the surface – also plastic, and at a distance from 0 to 2 mm – elastic-plastic. The main source of internal torque (long-acting) stresses in rail 
steel is the excessive density of dislocations. Using the example of 34CrNi3MoVN steel of the martensitic class, the type of bending extinction 
contour was determined using mathematical equations. At  low degrees of plastic deformation, extinction contours are contours of bending or 
torsion, at high degrees they are of a mixed type. 

Keywords: electron microscopy, BCC lattice, bending extinction contour, curvature-torsion, scalar dislocation density, excess dislocation density, internal 
stresses, sources
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 Introduction

The  investigation of  internal stresses in metals 
and alloys has long captivated researchers  [1 – 3] due 
to their critical role in several mechanical properties and 
behaviors. Internal stresses significantly influence yield 
strength  [4 – 6], deformation strengthening  [7 – 9], and 
crucially, the  fracture of  crystalline materials through 
the  initiation  [10 – 15] and propagation of  micro-
cracks  [16 – 18]. They are also vital in the  evolution 
of  defect structures during various thermal treatments 
of metals, alloys, and steels [15; 19; 20], and in phase and 
structural transformations  [5; 6; 15; 20 – 22]. Additio
nally, internal stresses are indispensable in the production 
of  bulk nanostructured materials created via intensive 
plastic deformation [4; 24 – 26]. 

Internal stresses are categorized based on their locali
zation: macro-, meso-, and microstresses. Macrostresses 
span the entire sample or a substantial part thereof. Meso-
scopic internal stresses are localized within volumes 
ranging from tens to hundreds of micrometers, often con-
fined to one or several grain volumes or part of a grain 
volume. Microscopic stress fields are confined to  areas 
a few micrometers in size or smaller.

Methods for assessing internal stresses fall into  two 
primary categories: destructive and non-destructive. 
Destructive methods include chemical, thermal, metal-
lographic, and mechanical approaches  [27], which may 
lead to the partial or complete destruction of the sample. 
These methods typically assess first-order stresses, which 
are crucial for determining the  operational properties 
of materials. 

Non-destructive techniques encompass magnetic, 
optical, and polarization-optical methods [28]. These 
allow for the measurement of elastic deformations within 
a component without altering its geometry. 

Both non-destructive and destructive methods provide 
an integral assessment of stresses, with stress (first-order 
stress) averaging over centimeters.

Internal stresses can also be determined using X-ray 
structural analysis, which measures both first and second-
order stresses [29 – 31] and is considered a non-destruc-
tive method [32 – 34]. This technique reduces the range 
of  stress averaging to  millimeters, although it is still 
relatively broad. X-ray structural analysis is particularly 
effective for evaluating the  amplitude of  mesoscopic 
internal stresses [35 – 38].

Presently, the most informative method for examining 
meso- and microscopic internal stress fields is transmis-
sion electron diffraction microscopy, which offers precise 
control over the locality of stress measurements, ranging 
from hundreds of  nanometers to  hundreds of  microme-
ters [39]. In this study, internal stresses and their sources 
in FCC steels were investigated using transmission 
electron diffraction microscopy with a focus on bending 
extinction contours. 

Measurements of  meso- and microscopic inter-
nal stresses were derived from the  material’s structure, 
including the radius of curvature of dislocations in the slip 
plane [23], the spacing between dislocations, the parame
ters of  dislocation clusters [40], and the  characteristics 
of bending extinction contours [19; 39]. 

The aim of this study is to investigate internal stresses 
and their sources in FCC steels using a method based on 
the analysis of bending extinction contours.

 Materials and methods
ф

A study was conducted on samples of industrial-pur-
pose steels with a BCC crystal lattice (pearlite, ferrite-
pearlite, and martensite), which underwent heat treatment 
and various plastic deformation processes (stretching, 
compression, rolling). The research was carried out using 
transmission diffraction electron microscopy (TEM) on 
thin foils with EM-125K electron microscopes equipped 
with a goniometric attachment and EM-I25, which offers 
higher resolution capabilities. Foils were prepared using 
the electropolishing method with special modes to obtain 

направления исследований (вдоль радиуса скругления выкружки или вдоль оси симметрии) пластинчатый перлит постепенно заменя-
ется на разрушенный с образованием феррито-карбидной смеси и формированием фрагментированной структуры, причем эти процессы 
более интенсивно протекают в рабочей выкружке. Вдоль всей центральной оси симметрии головки рельса (поверхность катания) имеет 
место пластический изгиб-кручение кристаллической решетки, вдоль радиуса скругления головки рельса (рабочая выкружка) на рассто-
янии 10 мм от поверхности – также пластический, а на расстоянии от 0 до 2 мм – упругопластический. Основным источником внутренних 
моментных (дальнодействующих) напряжений в рельсовой стали является избыточная плотность дислокаций. На примере стали мартен-
ситного класса 34ХН3МФА с использованием матричных уравнений определен тип изгибного экстинкционного контура. При малых 
степенях пластической деформации экстинкционные контуры являются контурами изгиба или кручения, при больших степенях – конту-
рами смешанного типа. 

Ключевые слова: электронная микроскопия, ОЦК-кристаллическая решетка, изгибной экстинкционный контур, кривизна-кручение, скаляр-
ная плотность дислокаций, избыточная плотность дислокаций, внутренние напряжения, источники
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larger areas for viewing in the  electron microscope. 
The working magnification in the microscope column was 
set at 25,000 times. As a result of the conducted research, 
the internal grain structure was analyzed, and the scalar 
density of dislocations in different areas of  the material 
was determined. Sources of internal stresses were identi-
fied, and their amplitude was measured. The scalar den-
sity of  dislocations was determined using the  intercept 
method [39]. 

 Assessing internal stresses with TEM
 

The uncharged dislocation ensemble (i.e., an ensemble 
without excess dislocations) produces internal shear 
stress (stress fields created by the dislocation structure), 
determined by the equation [2; 6; 13 – 15; 20]

		            	 (1)

where m is the  orientation multiplier or Schmid fac-
tor [20]; α is the parameter dependent on the type of dis-
location ensemble (for the uncharged dislocation ensemble, 
α = 0.05 ÷ 1.00 [2; 6; 19]); G is the shear modulus; b is 
the Burgers vector; ρ is the scalar dislocation density.

In the case of a charged dislocation ensemble, when 
there is an excess dislocation density ρ± = ρ+ – ρ– ≠ 0, 
internal moment (or long-range) stresses are gene
rated. The  presence of  excess dislocation density and, 
consequently, internal moment stresses are identi-
fied by  the  presence of  bending extinction contours in 
the material. These contours result from diffraction cont
rast observed in electron microscopic images of a highly 
deformed crystal. 

The bending of the crystal lattice can be [6; 12 – 15; 
20; 23]: purely elastic, created by stress fields accumu-
lated due to  deformation incompatibility (for example, 
between grains in a polycrystal, matrix material, and non-
deformable particles); plastic, if the bending is created by 
dislocation charges (i.e. by an excess density of disloca-
tions localized within a certain volume of the material); 
elastoplastic, when both sources of fields are present in 
the material.

By observing bending extinction contours using 
the  TEM method, it is possible to  measure internal 
(moment or long-range) stresses. These stresses lead 
to the bending of the foil, corresponding to the curvature-
torsion of  the  crystal lattice, if the  foil retains its plate 
shape. The  procedure for measuring the  value of  inter-
nal moment (long-range) stresses involves determining 
the curvature gradient of the foil (crystal lattice): 

			   	 (2)

where ∂φ = Δφ is the change in orientation of the reflect-
ing foil surface; ∂l = Δl is the displacement of the bend-
ing extinction contour. 

The  χ value is determined by shifting the  extinc-
tion contour by Δl at a controlled angle of  inclination 
of  the  foil Δφ in the microscope column using a gonio
meter. Special experiments have shown that for BCC 
steels, the  width of  the  contour in terms of  disorienta-
tion is approximately 1° [6; 20]. This indicates that when 
the goniometer is turned by Δφ ≈ 1°, the bending extinc-
tion contour shifts a distance equal to  its width, that is 
Δl ≈ l. 

To differentiate between cases of plastic, elastic, and 
elastoplastic bending, it is necessary to compare the sca-
lar dislocation density (ρ) measured in a local area near 
the  bending extinction contour with the  excess disloca-
tion density (ρ±) measured locally based on the disorien-
tation gradient [20; 23]:

		          	 (3)

If in the  investigated area of  the  foil, ρ ≥ ρ± , then 
the bending of the crystal lattice can be considered plas-
tic. The  amplitude of  the  curvature-twist of  the  crystal 
lattice determined by Eq. (2) is χ = χpl , and the amplitude 
of internal stresses created by plastic bending is given by 

	         	 (4)

where α = 0.05 ÷ 0.60 is the  parameter depending on 
the type of dislocation ensemble [23]. 

It should be noted that the value of α in Eq. (4) is prac-
tically independent of  the  material under study (metal, 
alloy, or steel) and is determined only by the type of sub-
structure formed [23].

If in the investigated area of the foil near the bending 
extinction contour, ρ = 0, then the bending of the crystal 
lattice is purely elastic. The amplitude of  the curvature-
torsion of  the  crystal lattice, determined by Eq. (2), is 
χ = χel , and the  amplitude of  internal moment stresses 
created by elastic bending should be determined as fol-
lows [20; 23]

	            	 (5)

where αs = 1.0 ÷ 1.5 is the  Strunin coefficient [20], cal-
culated for a dislocation ensemble composed of disloca-
tions of the same sign; t is the foil thickness. 

If in the  vicinity of  the  bending extinction contour 
ρ < ρ± , then the  bending of  the  crystal lattice is elasto-
plastic, and in this case, the  value of  ρ± is conditional. 
In this case, the bending of the crystal lattice is divided 
into a plastic component, for which ρ =   , and an elas-
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tic component, for which  = ρ± –   . The  amplitude 
of the curvature-torsion of the crystal lattice is 

		            χ = χpl + χel ,	 (6)

where χ is calculated by Eq. (2), χpl = b  = bρ and, thus 

		            χel = χ – χpl .	 (7)

As a result, the amplitude of  internal moment (long-
range) stresses is determined as

		           	 (8)

where  is determined by Eq. (4), and  by Eq. (5):

	           	 (9)

 Results and discussion
ф

 Sources of internal stresses in BCC steels
ф

A single dislocation is inherently a source of internal 
stresses. The fields generated by individual dislocations 
extend only over small distances, much smaller than 
the distances between the nearest dislocations [39]. Howe
ver, groups of  dislocations are more effective sources 
of  internal stresses as they cover the  entire microlevel 
and create fields of significantly greater amplitude [40]. 
Such groups primarily consist of distributed dislocation 
charges (excess dislocations of one sign) [41]. Although 
large groups of dislocations of one sign are rare, materi-
als more commonly contain unevenly distributed disloca-
tions of  different signs with an excess density. Despite 
internal screening, these formations generate internal 
stress fields [41]. 

Another significant type of dislocation formation that 
induces substantial internal stresses is various dislocation 
boundaries. Typically, these contain an unequal num-
ber of  dislocations of  different signs and can introduce 
misorientation. A key characteristic is that the  disloca-
tions in the boundaries are from different slip planes, in 
contrast to dislocation charges where dislocations reside 
on the same or closely related slip planes. 

Other sources of internal stresses include grain boun
daries, grain junctions, and steps on intergranular bounda
ries [41; 42]. The root cause of these stresses is primarily 
the incompatibility of deformation between neighboring 
grains. This incompatibility is always present, despite 
the  action of  accommodating slip systems. Moreover, 
lattice dislocations that enter the  grain boundaries and 
sources of  dislocations at these boundaries contribute 
further to internal stresses. Junction dislocations at grain 
junctions and steps on interphase boundaries are also sig-
nificant sources of internal stresses [43].

These mentioned sources are primarily responsible for 
internal stresses of plastic origin.

On the  other hand, sources of  elastic origin internal 
stresses, which mainly arise from heterogeneous deforma-
tion of the material, include microcracks [6; 12 – 15; 41] 
and bainitic deformation  [20], which occurs due 
to the distortion of the crystalline lattice during the γ → α 
phase transformation in steels. These stresses can also 
arise in materials reinforced with non-deformable dis-
persed particles [23]. In cases where these fields partially 
relax through the multiplication and slip of dislocations, 
they acquire an elastoplastic character  [12 – 15; 41]. 
Depending on the degree of interaction with surrounding 
dislocation structures, the  resultant internal stresses can 
exhibit all three types. In real materials, especially after 
significant deformations, fields from different sources 
combine to  form a complex three-dimensional field 
of internal stresses.

 Sources and characteristics of internal stresses
 

in rail steel

The  study of  internal stresses and their sources 
after long-term operation (with a passing tonnage 
of 1770 million tons gross) was conducted on rails made 
of  0.76С–Cr–V–Fe steel, which has a lamellar pearlite 
structure. The  investigation focused on the  rail metal 
along the central axis of symmetry (rolling surface) and 
the radius of curvature (working fillet) of the rail head at 
distances of 0, 2, and 10 mm from the surface. 

The  research revealed that rail operation led to  sig-
nificant structural transformations and complications, 
especially along the radius of the rail head. For example, 
at  a  distance of  10 mm from the  rolling surface along 
the  axis of  symmetry, the  volumetric fraction of  lamel-
lar pearlite was 95 %, and the  ferrite-carbide mixture 
(degraded pearlite) was 5 %. However, in the  surface 
layer, the  fraction of  lamellar pearlite dropped to 45 %, 
the ferrite-carbide mixture increased to 50 %, and a frag-
mented structure emerged (5 %). Similarly, at a distance 
of 10 mm from the surface along the radius of curvature, 
the  volumetric fraction of  lamellar pearlite remained 
at 95 %. But in the  surface layer, it decreased to 25 %, 
with the fragmented structure also accounting for 25 %. 
Thus, as one approaches the  head surface, regardless 
of  the  research direction (along the  radius of  the  rail 
head or the  axis of  symmetry), lamellar pearlite gradu-
ally transforms into a degraded form, forming a ferrite-
carbide mixture and fragmented structure, with these pro-
cesses being more pronounced in the working fillet. 

Fig. 1 illustrates the  changes in the  average quan-
titative parameters of  the  fine structure as we approach 
the head surface. 

All characteristics increase as we approach the  sur-
face of  the  rail head, with the  scalar (ρ) and especially 
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excess  (ρ±) dislocation densities intensifying. However, 
their behavior varies within different structural compo-
nents. The scalar dislocation density in the entire mate-
rial, regardless of  the  direction of  investigation (along 
the  radius of  the  fillet or along the  axis of  symmetry), 
increases almost uniformly as it approaches the surface. 
The excess dislocation density, determined by the width 
of  the  bending extinction contours, remains smaller 
than the  scalar density along the  central axis of  sym-
metry (rolling surface), indicating plastic bending-
torsion of  the  crystalline lattice: χ = χpl and σd =   
(Fig. 1, a – c). Along the radius of the fillet, the condition 
ρ > ρ± , is also met in the lamellar pearlite, but in the fer-
rite-carbide mixture and fragmented structure, ρ = ρ± . 
This indicates that the dislocation structure is fully polari
zed in these regions of  the  material, and elastic-plastic 
bending of the crystalline lattice occurs: χ = χpl + χel and 
σd =   +   . Despite the minor magnitude of the elas-
tic component (Fig. 1, e, f ), these areas are critical in 
the material structure as they are likely initiation points 

for failure. Thus, excess dislocation density is a primary 
source of internal momentary (long-range) stresses in rail 
steel. However, other sources of internal stresses include 
the  ferrite and cementite phase boundaries, as well as 
boundaries of fragments and cementite particles located 
at the boundaries and within the fragments (Fig. 2).

 Impact of plastic deformation on the
 

curvature–torsion of the crystalline lattice in BCC steel

It is known [6; 23] that with the progression of defor-
mation, the  curvature-torsion gradient along the  mate-
rial intensifies. This phenomenon is evidenced both 
by  the  variation in the  width of  extinction contours 
along their length and by their overall bending. The type 
of  contours also transforms. Generally, the  curvature-
torsion value of  the  crystal lattice, χ, is recognized as 
a second-rank tensor [6; 44; 45]. This tensor encapsulates 
components of both curvature and torsion of  the crystal 
lattice. Utilizing matrix equations  [6], it becomes fea

Fig. 1. Changes in the average quantitative parameters of fine structure of the 0.76С–Cr–V–Fe rail steel  
after ultra-long operation as it moves away from the surface:

a – c – rolling surface; d – f – working fillet; 1 and 2 – scalar and excessive dislocation density;  
3 and 4 – amplitude of plastic χpl and elastic χel curvature-torsion of crystal lattice;  

5 and 6 – amplitude of internal momentous σpl plastic and elastic σel stresses

Рис. 1. Изменение средних количественных параметров тонкой структуры рельсовой стали Э76ХФ  
после сверхдлительной эксплуатации по мере удаления от поверхности: 

а – c – поверхность катания; d – f – рабочая выкружка; 1 и 2 – скалярная ρ и избыточная ρ± плотность дислокаций; 
3 и 4 – амплитуда пластической χpl и упругой χel кривизны-кручения кристаллической решетки; 

5 и 6 – амплитуда внутренних моментных пластических σpl и упругих σel напряжений
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sible to categorize the type of contour. This method was 
applied to  the  34C–1Cr–3Ni–1Mo–1V–Fe martensitic 
steel, where prior to  deformation, extinction contours 
were identified either as curvature (bending/tilting) 
contours (Fig. 3, curve 1) or torsion contours (Fig. 3, 
curve 2). The prevalence of curvature contours was sig-
nificant, accounting for up to  85 % of  observations. As 
the  degree of  plastic deformation increased, the  con-
tour configuration became more complex, with mixed-
type contours emerging. When the deformation reached 
ε ≥ 0.2, all bending contours transitioned to mixed-type 
contours (Fig. 3, curve 3).

 Conclusions
ф

An analysis of the sources of internal stresses in rail 
steels has been conducted. It has been determined that 

these sources can be categorized into three types: plastic, 
elastic, and elastoplastic origin. 

TEM analysis of  0.76С–Cr–V–Fe steel rails, which 
have endured a cumulative gross tonnage of  1770 mil-
lion tons, revealed significant microstructural transfor-
mations as the  surface of  the  rail head is approached. 
The  lamellar pearlite gradually transforms into a struc-
ture featuring a ferrite-carbide mixture and fragmented 
structure. This process is notably more pronounced in 
the working fillet. Along the entire central axis of symme-
try of the rail head, plastic bending-torsion of the crystal 
lattice is observed, while along the radius of curvature at 
distances up to 2 mm, the bending-torsion exhibits elas-
toplastic characteristics. The primary source of  internal 
moment stresses is identified as the excess density of dis-
locations. 

Fig. 2. TEM images of bending extinction contours (indicated by arrows) in different parts of the material from different sources: 
a – boundaries between ferrite and cementite; b – boundaries between fragments;  

c – globular particles at fragment boundaries; d – globular particles in the volume of fragments

Рис. 2. ПЭМ-изображения изгибных экстинкционных контуров (указаны стрелками)  
в различных участках материала от различных источников: 

а – границы раздела феррита и цементита; b – границы раздела фрагментов;  
c – частицы глобулярной формы на границах фрагментов; d – частицы глобулярной формы в объеме фрагментов
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In studies of 34C–1Cr–3Ni–1Mo–1V–Fe martensitic 
steel, it has been observed that at low degrees of defor-
mation, extinction contours are either bending or torsion 
contours. However, at higher degrees of deformation, all 
contours evolve into a mixed type.
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