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Abstract – The researches into morphology and
faulted substructure of martensite of carbon steels
which undergone static (furnace) and dynamic
(high-current electron beam) thermal treatment
have been conducted using the methods of diffrac-
tional electron microscopy. It has been shown that
a rapid quenching from a liquid state accompanied
by the formation of grain ensemble of submicron-
size (0.1–0.5 µm) leads to first – reduction of size of
martensite – phase crystals, second – the fixation of
surface martensite effect, third – the formation of
one ∼0.3 µm-size martensite crystal (grain –
martensite crystal) in grains (subgrains).

1. Introduction

The effect of martensitic phase morphology alteration
as well as martensitic transformation supression by
way of the formation of nano- and submicrocrystalline
structure of metals (including steels) has been revealed
when researching into a structure-and-phase state of
powder materials [1–5]. For cast materials, this effect
has not been observed due to the difficulties in ob-
taining nanocrystalline structure in big volumes.

The present paper gives the analysis of the results
obtained in the research into the influence of the size
of an individual grain of austenitic phase (size range is
from 0.3 to 65 µm) upon the structure-and-phase state
of a quenched steel. Steel grain structure developed as
a result of static thermal treatment (austenization, mi-
cron-size grains), and electron-beam treatment (sub-
micron-size grains).

2. Materials and Methods

For research material, the commercial carbon steel
(Fe–0,45C, Fe–0,7C, Fe–0,98С) and alloyed steel
(Fe–0,35C–1Cr–3Ni–0,5Mo–0,2V) pretreated by ho-
mogenizing annealing with subsequent quenching
(860 or 940 °С, 2.5 hours) to produce more homoge-
neous (for ferritic steels) state regarding phase and
structure. Electron-beam treatment conditions are
given on Table 1. At every fixed value of electron
pulse duration τ electron energy U and electron beam
density ES corresponded to the melting of surface
layer of the material. The depth of the melted layer
varied within micrometer unit range. A structure-and-
phase state of the surface layer has been studied to the
depth of 200–300 nm which is certainly quenched

from a liquid state. Foils were prepared using thin
plates (0.2 mm) cut of massive samples parallel to the
illuminated surface.

Table 1. Material and treatment conditions
Steel U, keV ES, J/сm2 τ, µс N

Fe-0,98С
(U10А) 350 48 0,04 10

Fe-0,45C
(steel 45) 7–25 6 10 1

Fe-0,7C
(U7А) 130–170 80–120 15–40 1

3. Results

Study of the steel quenched from 860 and 940 °С al-
lowed us to analyze the influence of the real grain size
of original austenite upon the mechanism of marten-
site nucleation. The study was carried out as follows.
The number of packet and plates (N) located in grains
of a certain size class and the number of packet and
plates (n) located in grain volume, that is, visually not
bounded up with grain boundaries, were defined.
Then, the interrelation between grain size, and N and n
parameters was determined. The conducted analysis
revealed that there is a directly propotional depend-
ence between the number of packet and plates and
grain size for both austenization temperatures
(Fig. 1). Spread of points on the graphs is probably
due to the peculiarities of the internal structure and the
state of grain boundaries being analyzed which exert
influence upon martensite crystals nucleation. Ap-
proximating the data of dependence to coordinate ori-
gin we arrive to the conclusion that steel quenched
from austenization temperature of 860 °С should be
accompanied by preservation of original austenite
grains not exceeding 4 µm in size, and in case of
quenching from 940 °С this effect is possible in grains
less than 2.5 µm in size.

It is considered that the main force driving the pro-
cess of martensite transformation is a dislocation ar-
rangement of the original austenite grain [1, 6]. How-
ever, the analysis of the results we have obtained
indicates that the nucleation of martensite phase crys-
tals in small grains (6–9 µm) is observed predomi-
nantly at the grain boundary, and in grains of a bigger
size – at the boundaries and inside grains – at the
boundaries of previously nucleated crystals. Hence,
the size of original austenite grain affects not only the
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number of sites of original austenite grain nucleation,
but the mechanism of nucleation as well. In small
grains (6–9 µm), an exclusively heterogeneous nu-
cleation of martensite at grain boundaries is observed.
In grains of a bigger size, martensite crystals nuclea-
tion is registered inside grains as well, most likely, at
the boundaries of previously nucleated crystals.

Fig. 1. Number of packets (N) settled in grain vs size of
grain of initial austenite (D) for temperature of austinization

850 (a) and 940 ºC (b)

The research into the structure of particular grains
allowed us to reveal correlation dependence between
grain size and grain area share taken by one packet.
When defining the area of a grain (SЗ), the latter was
approximated to a circle; in case of packet and plates,
the approximation to an ellipsoid of revolution was
done. As it follows from the results given in Fig. 2,
area share falling to one packet increases along with
the decrease in grain size, and at the limit, for small-
size grains (D → 0) the situation when a grain may be
occupied by one packet is real. It should be noted that
the results we predicted using the method of approxi-
mation were experimentally confirmed in [7] when
researching into the structure of laser treated carbon
steel. In [7] it was shown that the volume of small
(~5 µm) grains was often occupied by one pack. We
obtained similar results (described below) when stud-
ied the martensite structure of steels treated by high-
current electron beam (HCEB), that is, heated up and
cooled down at super high speeds.

Fig. 2. Fraction of grain area of initial austenite occupied by
packet (δ = Sp/Sg) vs size of grain. 1 – Т = 860 °С, 2 – 

Т = 940 °С

The role of size effect in development of marten-
sitic structure in grains of submicron-size range was
analyzed in more detail using HCEB as an instrument
for obtaining submicron-size grains.

Dynamic recrystallization developing during elec-
tron-beam treatment leads to the formation of ensem-
ble of crystallites the size of which varies within the
range from tenths of micrometers to micrometers. In
accordance with substructure state (and characteristic
size) crystallites were divided into two groups.

The first group (0.2–0.6 µm) included crystallites
having net/grid dislocation subarrangement scalar
density of dislocation of which is ∼1011 cm–2. Crystal-
lites are monophase and have volume central tetrago-
nal (BCT) (steel U10А) and volume central cubic
(BCC) (steel 45) crystal lattice. The type of disloca-
tion subarrangement, the value of scalar density, and
tetragonal crystal lattice distortion allowed to assume
that crystallites formed as a result of martensitic γ → α
transformation.

Two variants of the formation of such a structure
are possible. The first variant assumes that crystallites
form within austenite temperature stability zone and
represent grain (or subgrain) structure of a given iron
polymorph. The subsequent cooling leads to marten-
sitic γ → α transformation. At the same time one
martensite crystal nucleates within the grain. The sec-
ond variant assumes that steel crystallization leads to
the formation of austenite with grain size of mi-
crometer range. The subsequent quenching is accom-
panied by martensitic γ → α transformation with nu-
cleation of a number of martensite crystals in austenite
grain which are located perpendicular to the illumi-
nated surface. These martensite crystals have regular
geometric shape in a foil section and group in blocks
of 6–8 crystals each, blocks average size is 1.5 µm.
Azimuthal component of full off-orientation angle –
∆αaz does not exceed ∼1 degree between crystals; ∆αaz

∼5–6 degree between blocks. By the mode of ar-
rangement the block is similar to martinsite crystals
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packet which forms when traditional methods of
thermal treatment of steel are employed.

In crystallites (grains) of the second group (∼0.5–
1 µm) a different structure is observed. In case of
U10A steel, it is close to a classic one which forms in
grains at traditional speeds of quenching. Namely, the
crystals of plate-type martensite separated by the
regions and interlayers of retained austenite are
observed within the grain. The particles of a carbide
phase of Fe2C content are observed at the boundaries
of martensite crystals and inside them on
transformation twins as well. The difference from the
traditional martensitic structure consists in high
dispersibility of martensite crystals which dimensions
are L ∼ 300–500 nm and D ∼60–100 nm. Such a small
size of martensite crystals is conditioned by a small
size of grains in which the crystals nucleate and by the
method of structure formation connected with rapid
steel quenching from a melt state. The latter fixes a
non-equilibrium state of austenite and at the same time
initiates the work of a great number of nucleuses of
martinsite crystals.

In U7A steel as a result of treatment by high-
current electron beam, the grains of ~0.5 µm size the
most of volume of which is taken by retained austenite
were identified. In case of bigger sizes of original
austenite grains (~1 µm), rapit quenching leads to al-
most complete martensite transformation. The struc-
ture consisting of the crystals of packet and plate-type
martensite and interlayers of retained martensite de-
velops in the volume of grain. Judging by a relative
intensiveness of reflexes, volume share of the retained
austenite is comparatively small. As has already been
mentioned above, small size of martensite crystals
deserves special attention: cross size of a packet-type
martensite is ∼60–80 nm, of a plate-type martensite -
∼150–200 nm, longitudinal size is 300–800 nm. Ear-
lier, the similar fact of size reduction of martensitic
structure of steel when being quenched very rapidly
was discussed in [7].

In steel 45, it turned to be impossible to identify
retained austenite in significant quantities which was
obviously due to a lower concentration of carbon in
this material comparing to steels U7A and U10A. In
grains of ~0.5–0.6 size, as follows from the analysis of
microphotographs presented in Fig. 3, the mixture of
two morphologic modifications of ferrite is observed.
Along ferrite grain boundaries, α-phase crystals mor-
phologically identical to martensite crystals are ob-
served. The main volume of grain, at the same time, is
monocrystal. We may assume that this structure de-
veloped in the following way. In the process of
quenching, a partial γ → α transformation accompa-
nied by the formation of two-phase structure (α + γ)
occurred. The crystals of martensite nucleated in the
area of grain boundaries (as it has already been noted,
grain boundaries in most cases are preferable sites for
martensite crystals nucleation), the rest volume of the

grain did not undergo martensite transformation. The
subsequent preparation of the sample for the purpose
of foil preparation for electron-microscopic analysis
led to the alteration of field of elastic stress resulting
from steel quenching, and as a consequence, to the
additional γ → α martensite transformation retained
austenite. We observed such transformations when
researching into high-speed steel of S6-5-2 type
treated by HCEB [8].

Fig. 3. TEM images microstracture of the near-surface layer
of steel 45, irradiated with HCEB. а – bright-field images;
b – dark-field images in reflection [110] α-Fe (reflection are
indicated with arrows); c – diffraction patterns; d – diagram
of diffraction patterns. Arrows indicated (а) and (б)

martensite crystals

In case of a bigger size of grains (~1 µm) in steel
45 (the same as in the cases considered above),
martensitic structure consisting of crystals of a packet-
type and plate-type martensite develops.
Thus, it can be concluded from the results obtained,
that a rapid hardening from a liquid state accompanied
by the formation of submicron-size grain ensemble
leads to first – size reduction of martensite phase
crystals, which was earlier noted, second – the fixation
of surface martensite effect, third – the formation of
one ∼0.3 µm-size martensite crystal (grain – marten-
site
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srystal) in grains (subgrains). Fig. 4 represents a
schematic evolution of martensite phase morphology
in carbon steels quenched from a liquid state with re-
gard to the size of austenite of submicron range.
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Рис.4. Изменение структуры приповерхностных слоев углеродистых сталей, подвергнутых обработке
СЭП в зависимости от размера зерна исходного аустенита. Схема. а – стали У10А и 45; б – сталь 45; в –
сталь У7А; г, д – стали 45 и У10А.
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Fig. 4. Modification of structure of near-surface layers of
carbon steels treated by HCEB vs size of grain of initial
austenite. Scheme: a – steels U10A and 45, b – steel 45,
c – steel U7A, d, e – steel 45 and steel U10A, respectively
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