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The electron backscatter diffraction method (EBSD) is widely used to study
crystallographic orientational relationships of the steel microstructure constituents
including bainite. Nevertheless the fine structure of bainite (subunits, plates) is not
investigated by this method. In this paper we propose a technique for visualizing of
the structure of a bainitic steel near-surface layer using the values of Euler angles
obtained by EBSD method. A three-dimensional picture of the bainite fine structure of
the HY-TUF steel obtained by the proposed technique is in satisfactory agreement with
the data obtained earlier by the atomic force microscopy.

steel; bainite; fine structure; plates; EBSD; Euler angles.

Recently the numerous studies of the bainite microstructure in various high-strength
alloyed steels were carried out [1— 3].This is due to the fact that the optimal combination
of high strength and ductility of steel is determined by the fine structure of bainite —
the thickness of the bainite plates and subunits, the dimensions and morphology of the
residual austenite layers etc. [4 — 6]. However the optical microscopy has some major
limitations for the investigation of the fine structure of steel and the development of
new concepts about the morphology at the level of nanometers [7]. The data on the fine
structure of metals and the information about the crystallographic orientations can be
obtained by the electron backscatter diffraction method (EBSD) [8, 9]. By the way some
of the possibilities of EBSD analysis are not yet fully understood. For example, the use
of Euler angles for the microstructure characterization is not covered in the available
literature sources. Nevertheless, this matter is of great scientific interest since it can
contribute to the determination of both qualitative and quantitative relations between
the fine structure of bainite and the values of mechanical properties (strength and tough-
ness) [10].
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The studied HY-TUF steel is widely used in aerospace engineering and heavy machinery
for manufacturing of the heavy loaded parts such as axles, shafts, engine parts etc. [11,
12]. The steel under consideration [13] was produced using an electric arc furnace with
graphite electrodes in the industrial conditions of the metallurgical plant. The ingots of
the HY-TUF steel (4 tons) were homogenized in the industrial pit furnace at a temperature
0f 1200...1250 °C for 12...15 h. The final product was the hot rolled annealed round steel

bar with a diameter of 140 mm.

The samples of the studied HY-TUF steel (10x10x5 mm) were heat treated according
to the following sequence: heating in a laboratory furnace up to 925 °C, 40 min., isother-
mal quenching in molten salt bath (50 % KNO; + 50 % NaNO;) at a bainitic transformation
temperature of 370...430 °C. The isothermal holding time was 2 h, which was enough
to form the maximum fraction of bainite in the HY-TUF steel: 0,85 for transformation
temperature 370 °C and 0,75 for 430 °C [14]. The heat treated samples were ground and
polished using a suspension of colloidal silicon.

The study of the fine structure of bainite was carried out using Zeiss Auriga Cross
Beam electron-ion microscope with a software for recording and analyzing of the elec-
tron back scatter diffraction patterns Nordlys HKL Channel 5®.The construction of a
three-dimensional image of the bainite fine structure was carried out using the "Surfer

13” software.

The orientation maps (Fig. 1, a) of the HY-TUF steel bainite microstructure obtained
by the electron backscatter diffraction (EBSD) show a multi-oriented crystallographic
structure with the limited areas (probably the former austenite grains). The size of such
areas is 30...60 pm. Within the limited areas (i.e. within one former austenite grain) the
zones with alternating crystallographic orientations are revealed. These zones are char-
acterized by a complex topology of bainite. The dimension of the bainite zones with the
alternating orientations is from 8x1,5 to 10x5 pm (Fig. 1, b). The orientation maps do not
allow investigation of the finer structure of bainite (the plates that make up the package).
The use of the values of Euler angles of each scanned elementary area on the sample

surface can solve this problem.

The following approach was used to obtain the relief of the near surface layer using

Euler angles. Imagine an elementary area scanned by an electron microscope, for which
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Figure 1: Orientation maps of the bainite microstructure obtained by electron backscatter diffraction (EBSD)
for the HY-TUF steel austempered at the temperature 370 °C.

the values of Euler angles are known (Fig. 2).These data are used to determine the
coefficients of the plane equation of this area in coordinate system of the electron
microscope. A perpendicular to the plane of an elementary area intersects the virtual
screen, located at a distance D, parallel to elementary areas of size mxn (for example
400x500 nm), at a point with coordinates x,,, X,,, D,. When an elementary area is
turned from the position parallel to the virtual screen, the deviation Z;, from the straight
perpendicular reflection is observed on it (an elementary area parallel to the virtual
screen is shown by dotted line). The coordinates of the deviation point on the virtual
screen in this case is X,,, Y5, Dy. The obtained distance Z;is related to the coordinates
of the center of an elementary area x,, y,. Then the distances Z; are determined for the
whole considered surface of the sample and a three-dimensional image of the near-
surface relief of the studied microstructure may be plotted.

The proposed method was implemented to obtain the 3D image of the near-surface
bainite microstructure of the HY-TUF steel austempered at the temperature of 370 °C
(Fig. 3, a). The image presents the rows of the “hills” and the “valleys” which characterize
the bainite plates. The features of the bainite morphology were estimated quantitatively
using the 3D model of the near-surface relief of the HY-TUF steel fine structure. Fig. 3,
b shows the integral distributions of the distances between the “hills” on the 3D images
of the near-surface relief obtained for the samples austempered at the temperatures of
370 and 430 °C. The number of the measured distances was 100...120 measurements.
There is an obvious dependence of the distance between the rows of the “hills” and the
“valleys” on the austempering temperature: the decrease of the temperature from 430
to 370 °C leads to the decrease of the measured distance between the rows from 24 to

13 nm.
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Figure 2: Diagram of the formation of the image of the near-surface microstructure using the EBSD method.
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Figure 3: The near-surface relief of the bainite microstructure of the HY-TUF steel austempered at the
temperature of 370 °C (a) and the corresponding integral distribution of the distances between the “hills” and
the “valleys” (b) for the austempering temperatures 370 and 430 °C (the solid line is the normal distribution).

To determine the real distance between the bainite plates, the distance between the
“hills” and the “valleys” measured on a 3D image should be doubled. This is related
to the feature of the applied visualization method: the identical reflections on the virtual
screen are generated from both the “hills” and the “valleys” on the real surface. This phe-
nomenon is illustrated by an example of a surface having a periodic relief (sinusoidal, see
Fig. 4). The rays of light hit this surface. In this case the strictly perpendicular reflections
will be projected onto the virtual screen from both the “hills” and the “valleys”. Therefore,
in order to determine the real period of the sinusoidal surface, the distance between the

reflections visible on the virtual screen should be multiplied by 2. So, considering this
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feature of the image formation, the real distance between the bainite “peaks” of the HY-
TUF steel microstructure decreases from 48 to 26 nm as the transformation temperature
decreases from 430 to 370 °C.

In the previous work [14] the surface relief of the austempered HY-TUF steel was
studied using the atomic force microscopy (Fig. 5). The surface relief determined by the
atomic force microscope is obviously similar to the one obtained using the proposed
EBSD-based method (Fig. 3, a). Fig. 6 shows the integral distributions of the distances
between the rows of the etched bainite plates obtained using an atomic force micro-
scope. The decrease of the austempering temperature from 450 to 330 °C led to the
decrease of the median thickness of the bainite plates from 75 to 20 nm. Note that for
the austempering temperature 370 and 430 °C the thickness of the bainite plates was 35
and 45 nm, respectively, according to the atomic force microscopy. This closely agrees

with the data obtained in the present paper.
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Figure 4: The formation of an image of the surface with sinusoidal relief on a virtual screen.

The visualization of the near-surface bainitic structure of the HY-TUF steel was also
performed for the interface of two differently oriented areas (marked by the black square
on Fig. 1, b). The orientation of the rows of the bainite plates in differently oriented areas
varies significantly (Fig. 7). Between the areas with different orientations there is a high-

angle boundary with a misorientation angle of 30°.

The method of visualization of the near-surface microstructure of steel using the Euler
angles determined by EBSD is proposed. The thickness of the bainite plates in the HY-
TUF steel decreases from 48 to 26 nm when the austempering temperature decreases
from 430 to 370 °C. This closely agrees with the data obtained earlier by the atomic

force microscopy (45 and 35 nm). The orientation of the rows of the bainite plates in

DOI 10.18502/keg.v1i1.4385 Page 15



E KnE Engineering

The Ural school-seminar of metal scientists-young researchers

Figure 5: The surface relief of the bainite microstructure obtained by the atomic force microscopy for the
HY-TUF steel austempered at the temperature of 370 °C (the bainite plates are shown by arrows) [14].
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Figure 6: Integral distribution of the thickness of the bainite plates of the HY-TUF steel (a) (solid line is the
normal distribution) and the dependence of the median thickness of the bainite plates on the austempering
temperature (b).

differently oriented areas is different. This depicts the specific crystallographic structure

of the bainite.
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Figure 7: The relief of the microstructure of the HY-TUF steel near the boundaryr of two differently oriented
areas (austempering temperature 370 °C).
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