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Abstract
Dynamic mechanical analysis was performed on the sheets of commercial grain-
oriented steel Fe-3%Si in annealed and cold-rolled conditions. The Young‘s modulus
was measured according to the 3-point bending scheme in the temperature range
of 20…550 ∘C. The difference between the values of the elastic properties in the
rolling direction and transverse directions were explained with the peculiarities of the
structural and textural states. Two extreme points in the Young‘s modulus temperature
dependence are explained with the oxidation process, which occurs during heating
of the samples. The obtained data can be employed to refine the simulation of the
stress-strain state in cold rolling of commercial Fe-3%Si by the finite element method.
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1. Introduction

Commercial grain-oriented (CGO) steel is utilized for the manufacturing of transformer
cores and electrical machines due to its high magnetic properties [1-4]. CGO is character-
ized by a significant anisotropy of magnetic characteristics. The anisotropy is employed
for creating the electromagnetic fields in the certain direction. The unique magnetic
properties caused by the Goss {110} <001> texture after secondary recrystallization
occur along the rolling direction.

The CGO steel is produced in the form of thin sheets with the cold rolling (CR) as the
final stage of processing. Note, that the parameters of the CR define the magnitude of
magnetic properties [5]. However, considerably less attention is paid to the investigation
of mechanical properties anisotropy, which results from the deformation processing
and heat treatment [6]. This question becomes relevant for the precise determination
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of energy-power parameters of the CR or when it is necessary to estimate the stress-
strain state, which occur during metal forming. At present, such calculations are carried
out using the finite element method, for which the statement of the problem requires
the elastic properties to be defined correctly. The CR is accompanied by a significant
heating on the contact surface with the rolls despite the use of powerful cooling systems
inmanufacturing of the grain-oriented steel. This heating is accounted for the conversion
of deformation energy and friction into heat [7] which results from by the high strength
properties of steel [8].

The purpose of the study is to determine the elastic properties of the commercial Fe-
3%Si steel in the temperature range from room temperature up to 550 ∘С which may be
reached during cold rolling.

2. Material and Methods

Two types of COG steel sheets were investigated. The first was subjected to the first
CR from 2.5 to 0.7 mm followed by a recrystallization-decarburizing annealing in the
humidified nitrogen protective atmosphere (95% N2 + 5% H2) [9, 10]; 2) after second
CR on the quarto reversing mill to a thickness of 0.26 mm. Reduction area (RA) at the
first and second CR were 72 and 63% respectively. A water-oil emulsion was used as
a metalworking fluid during the rolling. Samples were sectioned from the sheets in
the rolling direction (RD) and in the transverse direction (TD). Then the samples were
degreased using an aqueous-alkaline solution and alcohol.

The storage modulus analogue of the Young‘s modulus of the steel was investigated
using dynamic mechanical analysis (DMA) on the DMA 242C NETZSCH. The DMA is
based on measuring the response of a sample to an oscillating load that is periodically
varied according to a given law.

The DMA allows for the identification of structural effects that occur during heating
of the material [11]. In combination with the metallographic analysis, it enables to explain
the origin of these effects. The samples were examined according to the three-point
bending under a load of 9 N in an inert atmosphere of argon. The sample (1) is placed
on the supports (2) and loaded by the die placed in the center of length of the sample
(3) according to the arrow direction (Fig. 1).

The samples with a length of 20 mm and a width of 4 mm were heated to 550 ∘C at
a rate of 20 ∘C/min. The loading frequency was 1 Hz.
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Figure 1: DMA 3-point bending loading scheme: 1 – sample; 2 – stationary clamps; 3 – die.

The quantification of the storage modulus of elasticity E is based on the following
relationship:

𝐸 = 𝑙3
4 ⋅ 𝑏 ⋅ ℎ3 ⋅ 𝐹𝑎 , (1)

where l – the distance between the clamps; F – dynamic loading; h – sample height; a
– dynamic displacement; b - width of the sample.

The stress state during loading changes from the stretching of layers on the top
surface perpendicular to the loading direction through the neutral fibers in the center of
the height of the sample to the compression on the bottom surface. Thus, for metals the
storage modulus is almost equivalent to the modulus of normal elasticity known as the
Young‘s modulus. However, it is measured mainly for the surface layers of the material
which are perpendicular to the direction of loading.

3. Results and Discussion

The Young‘s modulus values measured at the room temperature lie in the range of
170…240 GPa for both structural conditions (Fig. 2, Table 1). This corresponds to the
conventional non-textured state of the material (200...214 GPa) or to the preferred ori-
entation of deformation cube {001} <110>, for which the Young‘s modulus is 210 GPa in
both the RD and TD.

The orientation dependence of storage modulus (in various structural states of the
material and at different temperatures) is mainly defined by the development of crys-
tallographic texture (Table 1). For the cold-rolled Fe-3%Si sheet, the main texture com-
ponents of the surface layer are: {111} <112>, {111} <110>, {112} <110> - namely, two
preferred orientations for each of the above set [11]. Thus, the magnitude of the modulus
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of 169 GPa measured along the RD is mainly determined by the set of crystallographic
directions <112> and <110>. The rotation of the sample by 90∘ leads to a change in
the textural components combination: {111} <110>, {111} <112>, {112} <111>. Thus, the
storage modulus is 212 GPa along the set of corresponding axes <110>, <112 > and
<111>. The latter is characterized by the maximum of the Young‘s modulus according to
[6]. The above effect can be enhanced if central layers of the material are involved in
the measurement of the modulus. The main texture components of the central layers in
RD are {001} <110>, {112} <110> [13] and the texture is distributed by the {001} <110>,
{112} <111> orientations in TD.

   

а       b 

Figure 2: Storage modulus as a function of temperature for commercial cold-rolled Fe-3%Si steel sheets
studied by DMA in TD (1) and RD (2): (a) – RA 63% (sheet thickness of 0.26 mm); (b) – CR on RA of 72% (sheet
thickness of 0.7 mm) followed by the recrystallization-decarburizing annealing.

Although the recrystallization does not considerably change the texture type [12, 13],
it significantly weakens the severity of the main components due to the strengthening of
the weaker components (“textureless component” - {hkl} <uvw>). The storagemodulus
increase both in RD and in TD, apparently, due to the enhancement of the “textureless
component”. However, the ratio between the modulus in the RD and in TD maintains ∼
1.3.

A general decrease in the storage modulus by 24% is observed for the samples
heated to 550 ∘C, regardless of their structural-textural state. The storage modulus
decrease almost linearly when heating up to approximately 500 ∘C. Further heating
decrease the modulus noticeably more intensive. The initial decrease in the modulus
is apparently accounted for a weakening of the interatomic bonds in the Fe-3% Si solid
solution due to the intensification of atomic oscillations. The change of the modulus
slope in the temperature range of 500...550 ∘C is presumably caused by the weakening
of the contribution of the interatomic magnetic interaction to the cohesive energy.

Two local extremes occur in the DMA curves for the sheet with a thickness of 0.7 mm
in a recrystallized state. The first is a minimum at 280 ∘C and the second is a maximum at
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Figure 3: Storage modulus as a function of temperature in TD for cold-rolled Fe-3%Si and annealed sheets
of 0.7 mm thickness: 1- the first heating, 2- reheating.

340 ∘C (Fig. 2, b). Note, that the samples were covered with the oxide layer despite the
inert atmosphere employed during heating. However, both extremes disappear in the
modulus temperature dependence in the curves for reheating of the oxidized samples.

The extremes in the region near 300 ∘C are absent for CR specimens with a thickness
of 0.26 mm (Fig. 3). In this case, the formation of an oxidized layer on the surface of the
samples is not observed.

According to [9, 10, 14] the sheets of CGO steel are characterized by a thin surface con-
tinuous layer with the thickness of 3-6 µm after recrystallization-decarburization anneal-
ing. This layer consists of Fe-based solid solution depleted by silicon (up to 1 wt.%) and
of the oxide precipitates, which are predominantly SiO2. The study [10] shows that, H2O
vapor oxidize the Fe-3%Si steel over silicon during the decarburization annealing in the
temperature range of 790...860 ∘С. Further reheating results in the formation of FeO in
this layer even for a small amount of oxygen in the atmosphere. Thus, the formation of
a solid, composite (SiO2 in FeO), completely oxide layer is the reason for the rise of the
elastic modulus in case of 0.7 mm sheets.

The sheets with a thickness of 0.26 mm were oxidized by Fe during the CR already.
The temperature in the deformation zone can reach 350...400 ∘C according to the esti-
mates. The volume concentration of the oxygen increase from 270...290 to 320...340
ppm for these sheets during CR. Thus, the DMA was carried out in the presence of an
oxide film on the surface of the samples, which on the one hand protected the surface
from further oxidation and on the other led to the overestimated values of the storage
modulus compared to the unoxidized metal.
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Table 1: Elastic moduli for Fe-3%Si steel at 20 ∘C for various conditions of measurement.

Conditions of investigation Preferred orientation Е, [GPa] Source

Single crystal Fe-3%Si <100> 127 [6]

Single crystal Fe-3%Si <110> 210

Single crystal Fe-3%Si <111> 270

Isotropic steel Fe-3%Si {hkl} <uvw> 200…214

CR ε=63% in RD Surface: {111} <112>, {111} <110>,
{112} <110>, {hkl} <uvw>.

169 Present study

Center: {001} <110>, {112} <110>.
CR ε=63% in TD Surface: {111} <110>, {111} <112>,

{112} <111>. {hkl} <uvw>.
212

Center: {001} <110>, {112} <111>.
CR(ε=72%) + recrystallization
annealing in RD

Surface: {111} <112>, {111} <110>,
{112} <110>, {hkl} <uvw>.

184

Center: {001} <110>, {112} <110>,
{hkl} <uvw>.

CR(ε=72%) + recrystallization
annealing in TD

Surface: {111} <110>, {111} <112>,
{112} <111>, {hkl} <uvw>.

240

Center: {001} <110>, {112} <111>,
{hkl} <uvw>.

4. Conclusions

The dynamic mechanical analysis revealed that the Young‘s modulus of commercial Fe-
3%Si steel can take values from 150 to 250 GPa in the temperature range of 20...400 ∘C
depending on the direction of measurement and the condition of the rolled surface. The
modulus of elasticity measured in transverse direction of cold-rolled OCG steel sheet
may exceed the modulus of elasticity in rolling direction by 1.3 times, which is explained
with the crystallographic texture of the material. The more precise values of the elastic
modulus were calculated, which can be utilized for FEA simulation of the stress-strain
state in cold rolling.
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