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Abstract⎯Processes that occur upon the straining of a polycrystal are studied. Components of the internal
stress tensor were determined. Changes in the bending and torsion stresses in the crystal lattice of a strained
polycrystal are analyzed. A correlation between changes in the internal stress tensor components and the frac-
tion of material with complex bending is established.
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INTRODUCTION

Most alloys are polycrystals. When polycrystals are
strained, their crystal lattice is distorted [1, 2], and
internal stress fields appear [2–5]. Stressed areas in
electron microscopic photos of the structures of
strained polycrystals are usually seen to have bending
extinction contours that reflect the nature of strain in
local areas of the sample and can be identified by the
mutual orientation of the extinction contours and
effective vector reflection  [6]. There are three types
of crystal lattice strain: bending, torsion, and com-
bined. Mixed strains are more frequently observed,
so we must consider both stress tensor components
(i.e., crystal lattice bending and torsion) when deter-
mining internal stresses. Internal stresses can be
reconstructed from the parameters of bending extinc-
tion contours [6].

The aim of this work was to study the changes in
internal stress tensor components (crystal lattice
bending and torsion components) upon strain versus
different types of bending in a material.

DETERMINING INTERNAL STRESS 
TENSOR COMPONENTS

The internal stresses that characterize strain form
second-rank tensors [7]. For cubic crystals, these ten-
sors have only two independent components: bending
stress σ11 and torsion stress σ12 of the crystal lattice. In
local areas of a sample, strains can be both plastic and
elastoplastic; i.e., plastic and elastic internal stress
components exist simultaneously.

Using the method proposed in [8] by the authors of
this work for determining the stress tensor compo-
nents from the parameters of bending extinction con-

tours observed in electron microscopic photos, we
found the internal stress tensor components to be
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where μ is the elasticity modulus; t is the foil thickness;
 is the Burgers vector; and χ11, pl, χ12, pl, χ11,el, and χ12, el

are the bending-torsion tensor components
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Here, ∆ϕ is the angle of misorientation on length ∆L,
and ∆L11, pl, ∆L12, pl, ∆L11,el, and ∆L12, el are the extinc-
tion contour width projections corresponding to the
plastic and elastic components of internal stresses.

RESULTS AND DISCUSSION
The investigated material was 1.1C–13Mn–Fe

polycrystalline austenite steel with a grain size of
34 μm. The steel was strained by tension to destruction
(ε = 36%) at room temperature at a rate of 3.4 × 10−4 s−1

on an Instron machine. Foils prepared from the
strained samples were studied on an EM-125K elec-
tron microscope at an accelerating voltage of 125 kV.
The electron microscope photos of the steel’s struc-
ture at different levels of strain are shown in Fig. 1.
Dislocations that form either chaotic or network
structures, single microtwins, packages of microtwins,
or bending extinction contours are observed in the
photo. In this work, we determined the volumetric
fraction of material occupied by microtwins (δ), and
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the dependence of δ on the yield stress σ was plotted
(Fig. 2). The dependences of the number of twinning
systems (curve 1), the average internal stresses (curve
2), and the fraction of material occupied by microtwins
(curve 3) on the yield stress in the range of 0.49–1.15
GPa are shown in Fig. 2a. The dependences of the
bending stress (curve 4) and torsion stress (curve 5) of
the crystal lattice on the yield stress are plotted in Fig.
2b.

From Fig. 2a, we can see that only one microtwin-
ning system is observed at a yield stress of 0.49 GPa
(ε = 5%), while microtwinning occurs en masse at σ >
0.49 GPa (ε > 5%). The number of microtwinning sys-
tems grows along with the level of strain, from one sys-
tem at σ > 0.49 GPa (ε = 5%) to two systems at σ =
0.60 and σ = 0.69 GPa (ε = 10 and 14%), three systems
at σ = 0.84 GPa (ε > 21%), and even four systems
starting at σ > 1.00 GPa (ε > 29%). The fraction of
material engaged in microtwinning also grows appre-
ciably in this case. The fraction of twinned material is
0.45 and 0.49 at yield stresses σ = 0.60 and 0.69 GPa
(ε = 10 and 14%) and grows to 0.7–0.80 when σ >
0.93 GPa (ε > 25%). The number of microtwinning
systems (N) and the volumetric fraction of twinned
material thus grow along with yield stress. This affects
the change in the stress tensor components and the
average internal stresses in the material.

The behavior of the bending and torsion stresses
(σ11, σ12) of the crystal lattice was studied in yield stress
range σ = 0.49–1.15 GPa. From Fig. 2b, we can see
that the stress tensor components (σ11, σ12) behave dif-
ferently as the yield stress grows. Bending stress σ11
generally rises to a yield stress of 1.05 GPa and then
falls slowly. Torsion stress σ12 of the crystal lattice
grows only to a yield stress of 0.75 GPa at a higher rate
than for σ11. While the yield stress subsequently grows

to σ ≈ 0.84 GPa, torsion stress σ12 of the crystal lat-
tice remains virtually the same and then falls to σ =
1.15 GPa. Average internal stresses 〈σ〉 in this case first
grow (to σ = 0.69 GPa, ε = 14%), and their growth
starts to slow at σ = 0.69–0.97 GPa (ε = 14–28%).
Internal stresses fall again at σ = 0.97–1.15 GPa (ε =
28–36%). Our results versus the number of microt-
winning systems N, volumetric twinned material frac-
tion δ, and internal stresses 〈σ〉 upon varying yield
stress from 0.49 to 1.15 GPa (level of strain ε = 5–36%)
are presented in the table.

From the table we can see that while N and δ grow
along with yield stress, the stress tensor components
(bending stress σ11 and torsion stress σ12 of the crystal
lattice) first increase and then decrease. Tensor compo-
nent σ11 is greater than σ12 up to σ = 0.93–0.97 GPa;
otherwise, the contribution to internal stresses from
σ11 predominates when σ > 0.97 GPa. The contribu-
tion to internal stresses from σ12 is then reduced. In
[9], it was established that torsion stress σ12 of a crystal

Fig. 1. Electron microscopic photos of the structure of
1.1C–13Mn–Fe strained austenite steel at yield stresses σ
of (a) 0.49, (b) 0.69, (c) 1.00, and (d) 1.15 GPa. Tw denotes
single microtwins; PTw, packages of microtwins.
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Fig. 2. (a) (1) Number of twinning systems, (2) average
internal stresses, and (3) fraction of material occupied by
microtwins; (b) (4) bending stress, and (5) torsion stress of
the crystal lattice of our strained material versus yield stress
in the range of 0.49–1.15 GPa.
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lattice in areas of a material with complex bending is
always greater than in areas with simple bending at the
same level of strain. The growth of σ12 is typical for
areas of a material with complex bending; i.e., if the
fraction of the material with complex bending
increases, the stress tensor component representing
the torsion stress of the crystal lattice also grows. It fol-
lows that the fraction of material with complex bend-
ing grows as the yield stress rises from 0.49 to
0.69 GPa. In addition, the number of such areas grows
slightly when σ = 0.69–0.97 GPa and falls when σ >
0.97 GPa.

CONCLUSIONS

Stress tensor component σ12 in 1.1C–13Mn–Fe
austenite steel first grows along with strain and then
falls. Microtwinning occurs in the steel under strain.
Tensor component σ12 declines when the third microt-
winning system occupies a major fraction of the mate-
rial, and tensor component σ11 also falls when the
fourth microtwinning system appears, thus promoting
the relaxation of stresses. In addition, microcracks
appear prior to destruction of the steel. This also favors
the relaxation of stresses. The internal stress tensor
components (the bending and torsion stresses of the
crystal lattice) decline. Prior to destruction, the frac-
tion of material with complex bending becomes lower
than for the material with simple bending.
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Translated by E. Glushachenkova

Changes in internal stresses and stress tensor components as yield stress grows

Yield stress σ, GPa 
(level of strain ε, %)

Internal stress , 
GPa

Bending stress
σ11, GPa

Torsion stress σ12, 
GPa

Volumetric 
twinned material 

fraction

Number of material 
areas with complex 

bending

0.49–0.69
(5–14)

Grows
0.50–1.51

Grows
0.34–0.71

Grows
0.34–1.26

Increases
0.04–0.49

Increases

0.69–0.93
(14–25)

Grows slowly
1.50–1.54

Grows
0.71–0.84

Changes slightly
1.26–1.23

Increases
0.49–0.70

Changes slightly

0.93–0.97
(25–28)

Nearly constant
1.54–1.55

Grows
0.84–1.20

Decreases
1.23–0.85

Increases
0.70–0.73

Decreases

0.97–1.15
(28–36)

Decreases
1.55–1.15

Decreases slowly
1.20–1.00

Decreases slowly
0.85–0.80

Increases
0.73–0.80

Decreases

σ
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