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MARTENSITIC TRANSFORMATIONS
IN STAINLESS STEELS

Currently, the direction of materials’ research, in which the martensitic transfor-
mations are observed, is intensively developed. This is due to the fact that, in the
martensitic-transformation process, various defects of crystal structure (twins, dis-
locations, packaging defects, etc.) are formed in many materials, which together
with grain fragmentation lead to a significant increase in the strength properties.
The widespread occurrence of martensitic transformations has led to the study of
the defective microstructure features and changes in the mechanical properties in
the martensitic transformation process. This allowed the theory of martensitic
transformations to occupy a key place in the science of the structure and properties
of crystalline bodies. The operating temperature range of steels of this class is lim-
ited from below by their tendency to low-temperature embrittlement (cold breaking)
under radiation effects, and from above, by the level of long-term strength (heat
resistance). In this regard, today, the increased attention of specialists in the field
of condensed matter physics to ferritic-martensitic steels is caused by the need to
identify the mechanisms for the formation of microstructures and functional prop-
erties of steels stable at operating temperatures, as well as to search for reserves to
increase their heat resistance, while maintaining a sufficient plasticity level.

Keywords: stainless steel, martensite, martensitic transformation, microstructure,
annealing, heat resistance.

1. Introduction

Martensitic transformations are the most widely for the Fe-based alloys.
Martensitic transformation in steel is a polymorphic transformation
that is observed during rapid cooling from the high—temperature y-phase
(austenite) to the low-temperature a-phase (martensite). Martensite is
the main structural component of hardened steel.
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Martensitic transformation occurs at certain temperatures. These
temperatures are different for different materials. During cooling, the
M, point is the start temperature of the martensitic transformation,
and the M, point is the finish temperature of the martensitic transfor-
mation. The position of the M, point does not depend on the cooling
rate. At temperature M_, the transformation is just beginning, and the
first martensite crystals appear. In order for the martensitic transfor-
mation to be developed, it is necessary to continuously cool carbon steel
in the temperature range M —M,. If cooling is suspended and carbon
steel is maintained at a constant temperature within this interval, the
formation of martensite stops almost immediately. To resume the trans-
formation, it is necessary to lower the temperature further in the mar-
tensitic interval M —M, [1].

Some alloying elements can both reduce and increase the point of mar-
tensitic transformation. Therefore, for example, in alloy steels contain-
ing a sufficient amount of carbon and alloying elements, the M point is
located below 0 °C; using the quenching, it is possible to obtain a com-
pletely austenitic structure. Thus, the required temperature for the for-
mation of martensite depends on the chemical composition of steel.

The martensitic transformation during cooling does not go through to
the end; a certain volume fraction of austenite remains in the steel, which
eventually does not turn into martensite. This austenite is called residual
austenite, and its amount increases with a decrease in the M_ point.

Stainless (corrosion-resistant) and heat-resistant steels and alloys
based on iron and nickel are the most important category of special
structural materials that have found application in many industries.
Increased resistance against uniform corrosion in a wide range of cor-
rosive media of varying degrees of aggressiveness is a distinctive fea-
ture of stainless and heat-resistant steels and alloys.

The main alloying element that gives steel corrosion resistance in
oxidizing environments is chromium. Chromium contributes to the for-
mation of a protective dense passive film of Cr,0, oxide on the surface
of stainless steel. A film thickness sufficient to give corrosion resist-
ance to stainless steel is formed when at least 12.5% chromium is added
to the alloy.

The cost of chromium is relatively low; it is not a scarce component.
Therefore, chromium-plated stainless steels are relatively inexpensive
and find the widest application in industry, having a fairly good set of
technological properties. Elements of equipment operating at high pres-
sure and temperature under the influence of aggressive environments
are made of chrome-plated stainless steels.

As known, plastic deformation is a complex physical-chemical proc-
ess, because of which along with a change in the shape and structure of
the initial state, its physical-chemical and mechanical properties change.
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Under the most diverse types and modes of plastic deformation in crys-
talline materials with different types of crystal lattice, a fundamental
phenomenon of fragmentation is observed, i.e., deformation grinding of
the structure of materials of the order up to 100—-200 nm [2-8]. The
phenomenon of deformation grinding (fragmentation) is based on modern
hardening processing technologies, such as rolling, drawing, etc. This
leads not only to a sharp increase in strength, but also to an increase in
plasticity. Modern methods of pressure treatment of steels with a b.c.c.
lattice are studied in detail in Refs. [9—11]. According to the authors of
these works, ultrafine-grained (UFG) steels with a grain size of less
than 1 micron have high strength and significant impact strength com-
pared to traditional composite steels, and therefore these materials are
currently the subject of extensive research worldwide. UFG steel can be
produced as a result of thermomechanical processes or by the method of
severe plastic deformation. The paper [12] describes various advanced
methods for producing ultrafine-grained b.c.c. steels. Nevertheless, the
issue of obtaining submicro- and nanocrystalline materials with speci-
fied microstructure parameters and mechanical properties remains very
relevant, and this is primarily due to the insufficient development of
the physics of severe plastic deformation, in which the processes of
grinding the initial structure of materials to the nanoscale occur.

Long-term studies of the fragmentation phenomenon have allowed
concluding that its root cause is powerful elastic stresses in polycrys-
tals, the sources of which arise at the grain boundaries and joints. In
essence, fragmentation is the result of plastic accommodation, the het-
erogeneity of which in the grain volume manifests itself in the frag-
mented substructure form. The emergence of new boundaries near the
joints or morphological features of the initial boundaries (steps, ledges,
bends) is observed, which germinate inside the grains and divide them
into disoriented crystal elements. The sources of internal stresses (plas-
tic incompatibilities) accumulate at the boundaries due to differences in
the intrinsic plastic deformations of adjacent grains. The appearance of
such incompatibilities is inevitable, because crystal grains are oriented
differently with respect to macroscopic deforming stresses and there-
fore exhibit different plastic malleability. However, as the disorienta-
tion between the fragments that have arisen grows, the process de-
scribed above is reproduced already at their borders and joints, forming
a new generation of fragments, etc. An important role in the fragmenta-
tion process of the crystal lattice during the formation of a submicroc-
rystalline structure is played by the dislocation-disclosure mechanism of
reorientation of the crystal lattice, including the formation of the above
substructures with a high excess density of dislocations of one sign and
their subsequent rearrangements into localized boundaries of disorien-
tation [13].
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Thus, a fragmented substructure is a substructure of mutually
disoriented regions (subgrains) separated by small-angle and medium-
angle dislocation subboundaries (fragment walls). Fragmented subs-
tructure is formed both because of heat treatment and during steel
deformation [14].

2. Current Concepts on Martensitic Transformation

Martensitic transformation is one of the main methods of metal harden-
ing; therefore, considerable attention has been paid to the study of the
features of its course. Especially, the works of G.V. Kurdyumov school
can be highlighted, according to which, the theory of martensitic trans-
formations was laid in the forties of the last century, based on the gen-
eralization of numerous experiments results. It was also found that
martensitic transformation can occur not only during cooling, but also
during plastic deformation, which leads to the emergence of a number
of new phenomena, which include the following [15]:

e expansion of the temperature range, i.e., the appearance of such
phases that are not observed at a given temperature;

e changing the kinetics of martensitic transformations;

e the emergence of new phases (e.g., e-martensite, the features of
the appearance of which will be discussed later);

e change of mechanical properties (superplasticity, shape memory
effect).

The main component of structural high-strength low-carbon steels
is martensite. The transformation of austenite into martensite is real-
ized in the case of significant supercooling below the critical point A4,
and during the cooling at a rate that suppresses the decay of austenite
by pearlite and intermediate mechanisms. By its mechanism, the mar-
tensitic transformation is a diffusionless-shift phase transformation
characterized by an ordered, interconnected nature of the atoms move-
ment at distances less than interatomic without the exchange of atoms
in places [16] (in contrast to the atomic-diffusion-caused processes in
metals and alloys, see, e.g., Refs. [17-28]).

Despite the fact that the martensitic transformation reflects the
general laws of phase transformations, it has a number of features due
to the desire of the system to minimize free energy:

e there is a certain orientation relationship between the lattices of
martensite (M) and austenite (4): (111), | (110),, and [110], || [111],,
(Kurdyumov—Sachs ratio);

e the most typical, equilibrium form of martensitic crystals is a
plate with a small ratio of thickness to other sizes;

e the habitus plane of the martensite plate has a certain orientation
relative to the crystal lattice of the initial phase;
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e a characteristic relief is formed on the flat polished surface of the
sample during martensitic transformation, which is due to a change in
the shape of the transformed volume;

e domenization of a martensitic crystal with the formation of twin
orientations with different intrinsic deformations and low energy
boundaries, i.e., the formation of a regular crystal substructure;

e martensitic crystals are prone to an ordered mutual arrangement,
i.e., to the formation of ensembles.

Depending on the steels chemical composition, it is possible to form
martensite of various morphologies, determined by a combination of shape,
fine structure and the articulation method into crystal ensembles [29].

When studying the structure of hardened carbon steels, two main
morphological martensite types are distinguished, namely, rack-and-
pinion (also called batch, massive, dislocation) and plate (needle, twinned,
low-temperature) ones.

Rack-and-pinion martensite, which has the greatest applied value,
is formed during the hardening of structural low- and medium-carbon
steels, iron and its moderate and high-alloy alloys, i.e., in steels with a
high martensitic point (M, above 100 °C), as well as in martensitic-age-
ing steels. At the same time, parallel rails resulting from a homogene-
ous shift are stretched in the direction (111)a | (011)y and form a pack-
age whose linear dimensions depend on the size of the austenitic grain,
but they differ little in different directions and are most often within
3—20 microns.

The thickness of the plates (rails) in carbon and nickel steels is in
the range from 0.1 to 2.25 microns, more often it is 0.1-0.2 microns
[41]. The traditional dimensions ratio of the rail is 1+7+30, i.e., the
length of the rail is of 4—5 times of its width [31]. The density of crys-
tal structure defects (dislocations) inside the plate of batch martensite
is very high (about 10''-10'2 cm™), which is why batch martensite is
sometimes called dislocation.

The structure of the martensite package is such that the adjacent
rails are oriented almost identically (the misorientation angle is up to
2-3°) and are separated along the plane {110}a | {111}y by small-angle
dislocation boundaries (mainly torsion boundaries) [32]. At the same
time, the ratio of the number of high-angle to low-angle boundaries in
a 0.2% C steel martensite package is 1-5, i.e. 5/6 of all interstitial
boundaries are permeable to dislocations [33]. The packages are sepa-
rated by a relatively homogeneous irregular boundary with inclusions of
sites of good coupling; the proportion of small-angle disorientations is
6%, 17% of disorientations close to regular ones. Thus, it can be con-
cluded that the share of high-angle boundaries between packages is 77%.

As shown in Refs. [34, 35], the method of grouping crystals into a
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package is determined from the minimum energy condition; the package
is not a complex of arbitrarily oriented martensitic rails, but a conglom-
erate of self-consistent crystals, the formation of which minimizes both
dilation associated with Bain deformation and shear stresses arising
during martensitic transformation. Due to this, the stresses fields are
largely compensated within each package and do not affect the bounda-
ries of the former austenitic grains.

3. Martensite Heat Treatment Features

The standard heat treatment for ferritic—martensitic steels is quenching
(normalization) and subsequent high-temperature tempering [36].
Normalization consists in austenization at a temperature above the cri-
tical point A, (start temperature of the ferrite transformation (b.c.c.
structure) into austenite (f.c.c. structure)) and air-cooling. For steels
with Cr content of 5—12%, such treatment leads to the martensite for-
mation (‘SCT’ structure) with a high dislocation density [37, 38]. The
tempering temperature for steel is chosen in such a way as to dissolve
the carbides of Me,,C;, but avoid the é-ferrite formation. Figure 1 shows
a typical microstructure of EK-181 steel with 12% Cr content after
quenching from a temperature of 1100 °C and tempering at 500 °C. It
was shown in Ref. [39] that, after quenching from a temperature of
980 °C and 1180 °C, a completely martensitic structure is formed in 9%
Cr steels, whereas an increase in the quenching temperature to 1280 °C
leads to the appearance of up to 20% o-ferrite in the structure (Fig. 2).
The formation of batch martensite occurs within the boundaries of
former austenitic grains with a size of 25—-40 microns [39, 40].

Tempering at a temperature of 650-780 °C for 1-3 hours leads to
the formation of a ferritic—martensitic structure. Carbides M,,C, (where
M is Cr, Fe, Mn), 60—200 nm in size, and smaller carbonitrides M X (M
is V, X is C or N), 20-80 nm in size, are isolated. There is a partial
return of the dislocation structure, the average width of the martensite
plates increases.

In work [38], the authors associate an increase in the strength and
thermal stability of EK-181 steel with a high density of nanoscale par-
ticles of vanadium carbonitride V(CN), the release of which occurs after
tempering at 720 °C. In steels containing W and Mo, the Laves phases
may be present as Fe,M intermetallic compounds (Fe,W and Fe,Mo).
Their secretions are detected during prolonged high-temperature an-
nealing, as well as creep tests [42]. After the tempering, Laves phases
are not detected.

The phase transformation (y—a') of EK-181 steel occurs in the tem-
perature range of 300—400 °C. The presence of ferrite-forming elements
Cr, V and Ta in steel shifts the critical points A, and A (0—y) by sev-
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Fig. 1. Microstructure of EK-181 steel after quenching in air from 1100 °C and
tempering at 500 °C for 1 hour: light-field image (a); and corresponding microdif-
fraction pattern and its decoding (b, c¢); dark-field image in the reflex (1) of carbide
M,C [41]

eral hundred degrees [43], compared with unalloyed high chromium
12% Cr steels. Austenization under heating ends at a temperature of
910 °C. Exposure at a temperature of 1050—1100 °C leads to the dissolu-
tion of carbides. According to Fig. 1, non-metallic phases M,,C,;, V(CN),
and M ,C are present in the microstructure of EK-181 steel after quench-
ing and tempering. After quenching from 1100 °C, the main structural
components of steel are ferrite and martensite.

In work [44], the features of the carbide subsystem after various
heat treatment modes, the influence of various heat treatment modes on
the microstructure and mechanical properties of EK-181 steel were stu-
died. The authors found that an increase in the quenching rate in com-
bination with subsequent step annealing at low temperatures leads to
quantitative changes in the structure. The study of several heat treat-
ment modes showed that the highest values of short-term strength are
shown by samples hardened in water and then tempered in a step mode
(5600 °C, 1 hour + 600 °C, 1 hour + 720 °C, 1 hour). The authors explain
this by the fact that, under such conditions, the separation of nanoscale
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Fig. 2. Microstructure of steel 9Cr-0.09C-0.56Mn-0.23V-1W-0.063Ta—0.02N
(wt.%): optical micrograph of a sample normalized at 1253 K/2 h, martensitic
structure (a) and optical micrograph of a sample normalized at 1253 K/2 h followed
by tempering at 1033 K for 30 min (b) [39]

Fig. 3. Microstructure of EK-181 steel after step-by-step treatments, light-field im-
ages and corresponding microdiffraction patterns: 1100 °C quenching in water, tem-
pering (500 °C, 1 hour + 600 °C, 1 hour + 720 °C, 1 hour) (a) and 1100 °C quenching
in water, tempering (620 °C, 1 hour + 720 °C, 1 hour) (b) [44]

particles V(CN) occurs under thermodynamically more nonequilibrium
conditions, which leads to an increase in density and an increase in the
dispersion of the heterophase structure. At the same time, reducing the
annealing time during step annealing allows reducing the intensity of
martensite tempering. According to electron-microscopy studies (Fig. 3),
such a reduction leads to a significant decrease in the volume fraction
of ferrite, a decrease in the transverse dimensions of the martensite
lamellae. There is also an increase in the dislocation density, but at the
same time, the dispersion of M,,C, carbides decreases, and the particle
density V(CN) increases, compared with standard heat treatment modes.
Such microstructural features lead to an increase in the yield strength
by more than 20% (750 MPa and 820 MPa), including high-temperature
yield strength (425 MPa at 650 °C).
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Authors of work [45] investigated the effect of alloying elements on
the heat-resistant properties of martensitic steels with a chromium con-
tent of 9-12%, which have a high creep resistance, a low coefficient of
thermal expansion at a relatively low cost, which makes their use in
thermal energy very attractive [46].

One of the ways to increase operating temperatures is the introduc-
tion of dispersed nanoparticles resistant to coagulation, which leads to
the occurrence of threshold stresses below which deformation does not
occur. This mechanism is explained by the dislocations inability to by-
pass quickly particles with a size of 10—40 nm due to crawling. To over-
come the dislocation particles, they are forced to generate loops, which
require additional stresses. Threshold stresses are inversely proportion-
al to the distance between the particles. The increase in threshold stress-
es is proportional to the volume of dispersed particles of the second
phases and their grinding. Thus, a solid solution with dispersed parti-
cles that reduce the diffusion rate, an increase in the specific volume
and size of nanoparticles are necessary conditions for increasing the
creep limit of heat-resistant materials [45].

Another important creep characteristic is the time to failure. The
greatest influence on it is exerted by the processes of grain boundary
sliding (GBS), which leads to the pores formation of deformation origin
along the grain boundaries [47, 48]. An increase in this characteristic is
achieved when the conditions are met:

e the suppression of GBS processes due to microalloying of steels
with boron or the separation of dispersed particles with a size of 10 nm;

e achieving the optimal grain size, which will prevent diffusion
creep and the pores formation at the grain boundaries;

e an absence of large solid particles along the grain boundaries.

In addition to the EK-181 steel described above, currently, there are
industrial ferritic—martensitic steels, e.g., 12% Cr ferritic—martensitic
steels ChS-139 and EI961-Sh as well as their analogues EUVROFER-97
(Fe—8.5Cr—1.0W-0.05Mn-0.25V-0.08Ta—-0.05N-0.005B-0.10C), F82H
(Fe-7.5Cr-2.0W-0.2V-0.04Ta-0.10C), and ORNL 9Cr-2WVTa (Fe—
9Cr-2W-0.25V-0.07Ta-0.10C) [38].

Due to the long-term operation of ferritic—martensitic steels at el-
evated temperatures, it is necessary to study the thermal stability of
their microstructure and physicomechanical properties. Such studies
are presented in Ref. [49]. The authors studied the effect of prolonged
ageing (13,500 h) at temperatures of 450 and 620 °C of EK-181 and
ChS-139 steels after traditional heat treatment (THT) and combined
heat treatment (CHT). CHT consists in normalization at 1100 °C (1 hour)
and thermal cycling near the critical temperature of the beginning (0—7)
of the transformation of A ;, and further release at 720 °C (1 hour). At
the same time, prolonged ageing after THT did not lead to significant
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Fig. 4. Microstructure of (a—c) EK-181 and (d—f) ChS-139 steels after CHT with
subsequent ageing at (a, b, d) 450 and (c, e, ) 620 °C for 13 500 h. Arrows show
M,,C, precipitates [49]

microstructural changes. A high density of dislocations has been pre-
served, the fixation of which occurred on V(CN) particles. After CHT
and ageing at 450 °C, the changes are more significant. The beginning
recrystallization processes led to an increase in the volume fraction of
ferritic grains, the volume fraction of V(CN) particles decreased. The
processes of martensite tempering occurred more intensively, the edges
of the rails curved and acquired a rounded shape (Fig. 4). The nature of
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the distribution of M,,C, carbides, as well as their size and volume frac-
tion did not undergo significant changes. With an increase in the ageing
temperature to 620 °C, more intensive nucleation and growth of recrys-
tallized ferrite grains occurred, their size increased 2—3 times compared
to ageing at 450 °C. The volume fraction and size of M,,C, carbides have
not changed significantly, but they have acquired a more equiaxed
shape. The distinctive features of the EK-181 and ChS-139 steels after
prolonged ageing were the higher density and dimensions of M,,C, car-
bides in ChS-139 steel. The yield strength and plasticity after both tem-
peratures of prolonged ageing were comparable with the initial values,
which the authors explain by the high density of nanoscale carbonitride
particles V(CN).

There is also work [50] comparing the transformations occurring
during heating of austenitic steel at different deformation tempera-
tures. Deformation was carried out at ambient and cryogenic tempera-
tures. The results of the study showed that in the high-pressure torsion
process at cryogenic and ambient temperatures during the first cycles
of deformation, the difference in grain size and structure is not large,
since the adiabatic effects are comparable. Only after 4 deformation
cycles, when the density of defects increases greatly, cryogenic cooling
becomes effective. The structure of samples deformed at both tempera-
tures is grinded to nanostructured, so the deformation of AISI-316 steel
at ambient temperature with an average grain size of 32 um leads to the
formation of an equiaxed homogeneous microstructure of 0.5 pym in
size, consisting of a mixture of austenite and a-martensite. Deformation
at cryogenic temperature leads to the formation of an equiaxial homo-
geneous microstructure of 0.2 ym in size, consisting of 90% o-martensite
with a predominance of large-angle boundaries.

Austenitic steel after annealing at 600 °C demonstrates the optimal
combination of ductility and strength, which is necessary for piston
rings. Therefore, the following thermomechanical treatment is proposed
for the manufacture of piston rings: quenching at 1050 °C, holding for
30 minutes and cooling in water, then, 8 deformation cycles by the
high-pressure torsion (HPT) method at cryogenic temperature and an-
nealing at 600 °C. As a result of such processing, the microstructure
consists of fine ferrite grains with a size of 0.3 ym and uniformly dis-
tributed carbide particles [50].

In work [51], the influence of various microstructural states on the
mechanical properties of 9% Cr steel (9Cr—1W-0.06Ta—-0.22V-0.08C)
was evaluated. The effect of isothermal exposure in the temperature
range 973-1473 K was studied, followed by quenching in oil and tem-
pering at 1033 K for 1 hour. It is shown that the smallest size of the
austenitic steel grain is formed after exposure in the intercritical tem-
perature range between A, and A_;, while the plasticity was maximal.
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Fig. 5. Defective structure of ferritic—martensitic steel 12Cr—1MoVW
(Sandvik HT9) in normalized (a) and tempered (b) states [52]

With an increase in the heat treatment temperature above A4 ,, the aver-
age grain sizes of the former austenite increase, the hardness and ten-
sile strength of the steel increase, but as a result, the tensile plasticity
decreases. These processes are associated with the rapid dissolution of
M,,C, carbides at these temperatures.

When developing 9 and 12% chromium steels, it is necessary to
maintain a balance between austenitic and ferrite stabilizing elements
in order to obtain a 100% austenitic structure during austenization and
a 100% martensitic structure after quenching (normalization). Although
in some cases, in addition to martensite, a certain amount of 5-ferrite
may be present in the steel structure, especially in 12% Cr steels.
Chromium is a ferrite stabilizer; therefore, with an increase in its con-
tent from 9 to 12%, it is necessary to add austenite stabilizer elements.
Carbon is the most popular gamma stabilizer. However, for a new gen-
eration of steels, the carbon content is limited to ~0.15% for better
weldability. Therefore, in order to avoid the formation of d-ferrite, it is
necessary to add other y-stabilizing elements to the steel [52].

The austenization temperature for steels of this class should be, on the
one hand, high enough to completely dissolve M,,C, carbides, on the other
hand, low enough to avoid the formation of &-ferrite (high-temperature
modification of the b.c.c. phase), which is inherited during cooling. As
shown in Ref. [33], normalization of 9% chromium steels at 980 °C and
1180 °C leads to the formation of 100% martensite, while steels hard-
ened from 1280 °C contain ~20% o6-ferrite. The typical sizes of the for-
mer austenitic grains vary in the range from ~25 to 40 microns [33].
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Figure 5 shows electron-microscope images of 12% chromium fer-
ritic—martensitic Sandvik HT9 steel in a normalized and tempered state
[62]. After normalization, a typical structure of batch martensite with
dimensions (width) of submicron-scale martensitic lamellae and with a
high density of dislocations is observed.

To increase the impact strength and ductility, normalized steel is
subjected to tempering at a temperature below the critical point Ac,.
For most steels, tempering is carried out at 720-760 °C. During such
tempering, M,,C, carbides (M is Cr, Fe, Mo, Mn) and M X carbonitrides
(M is V, Nb, Ti, Zr, while X is C, N) are isolated in the ferritic—marten-
sitic matrix (Fig. 5, b). M,,C, carbides have dimensions of 60—200 nm
and are located mainly along the boundaries of martensitic rails and
former austenitic grains. MX particle sizes are 20—-80 nm. High-
chromium steels may also contain particles of the Laves phase, namely,
intermetallides of the Fe,M type (e.g., Fe,W and Fe,Mo in steels contain-
ing W and Mo, respectively). However, no such particles were detected
after the tempering. According to Ref. [36], they are isolated during
long-term high-temperature annealing and creep tests, as a rule, along
the boundaries of grains and subgrains. Tempering of steels also leads
to a partial return of the dislocation structure; the average width of the
martensite rails increases from 0.15-0.2 microns to 0.25—-0.5 microns
(Fig. 5, b). Nevertheless, a sufficiently high dislocation density remains
(10°-10! ecm™2, depending on the release conditions) [52]. The control of
grain and subgrain sizes, dislocation density, type, density, size and
spatial distribution features of carbide phases allows changing the
strength and plastic properties of steels in a fairly wide range.

According to Ref. [63], hot deformation of metastable austenite in
high-strength steels leads to significant hardening of martensite. This
effect is called ausforming. For example, a study of 13% Cr, 0.3% C
steel showed that processing, including ausforming, changes the stages
of martensite tempering and promotes the release of fine carbides. In
this regard, in recent years, a number of papers [564—59] have proposed
the use of thermomechanical treatment applied to 9-12% Cr ferritic—
martensitic steels to increase their high-temperature strength.

S. Hollner and co-authors are also considering the possibility of
modifying the microstructure of ferritic—martensitic steels using ther-
momechanical treatments on the example of modified steel 9Cr—1Mo
(Grade 91) and steel 9Cr-3W—-3Co—V—-Nb—B-N (NPM) [51, 53]. Tradi-
tional heat treatment of Grade 91 steel includes quenching from 1050 °C
(30 min exposure) and tempering at 780 °C (1 h exposure); in regard to
NPM steel, treatment includes quenching from 1150 °C (1 h exposure)
and tempering at 770 °C (4 h exposure). The thermomechanical treat-
ment proposed in Refs. [67, 59] is aimed at grinding austenite grains
and enhancing the effect of fixing dislocations by particles of carboni-
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Fig. 6. Diagram of the traditional thermal and subsequent thermomecha-
nical treatment of Grade 91 steel: AR — as-received (traditional treat-
ment); R — rolled state; Q — quenched state; T — tempered state [57]

thmp,

trides of the MX type, for which the deformation of steel in the auste-
nitic region is proposed. Warm rolling is used to increase the disloca-
tions density, grain boundaries and subgrains as places of origin of
stable fine particles of the MX phase. The schematic diagram of such
processing is shown in Fig. 6 and includes austenization at 1150 °C, air
cooling (at a speed of ~1 °C/s) to the rolling temperature, rolling by
~25%, quenching from the rolling temperature into water and subse-
quent tempering above the rolling temperature.

The temperature of warm rolling should be higher than the start
temperature of the martensitic transformation M, while it is necessary
to avoid falling into the temperature region of ferrite stability, in which
austenite turns into ferrite during slow cooling. On the other hand, this
temperature should be low enough to prevent intensive annihilation of
dislocations during recrystallization or return. In work [57], based on
calculations in the MatCale program, it was established that the rolling
temperature should be in the range between 600 °C and 700 °C or near
800 °C. The temperature of the final tempering should not be lower than
650 °C, i.e., the expected operating temperature of the steel [57].

In the state after austenization at 1150 °C, rolling at 600 °C and
quenching in water of Grade 9 steel, a highly defective martensitic
structure with MX particles ranging in size from 10 to 150 nm is ob-
served (90% of these particles have sizes <50 nm). According to the
authors [57], they are not formed during rolling, but are Nb(C,N) par-
ticles that have not dissolved during austenization.

As a result of thermomechanical processing of Grade 91 steel (warm
rolling + tempering), firstly, the grinding of the martensite structure
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Fig. 7. Change in microhardness (a), yield strength and strength (b) of 9Cr—-1.0W—
0.6Ta steel depending on the heating temperature for quenching [51]

occurs compared to the state after traditional heat treatment, i.e., the
width of the martensite plates decreases by ~1.7 times, namely, 210 nm
after thermomechanical treatment (TMT) and 370 nm after THT; sec-
ondly, the average size decreases several times MX particles (10 nm
after TMT, 50 nm after THT). The dimensions of M,,C, carbides after
thermomechanical treatment are of 100-200 nm [57-59].

Thus, thermomechanical processing is an effective way to control
the characteristics of the defective and heterophase structure of high-
chromium ferritic—martensitic steels. With the help of properly selected
TMT modes for steels of this elemental composition, it is possible to
increase significantly the density of dislocations and the stable MX
particles that effectively fix them.

According to Refs. [54, 60], by controlling the parameters of thermal
or thermomechanical treatment of ferritic—martensitic steels, it is pos-
sible to significantly modify their structural-phase state and control the
contribution of various factors to hardening at different temperatures.

In work [51], using the example of 9Cr—1.0W-0.6Ta steel, it was
shown that both the microhardness value and the yield strength and
strength limits of ferritic—martensitic steels largely depend on the
austenization temperature (Fig. 7). The higher the temperature of heat-
ing for quenching, the higher these characteristics are. The decrease in
hardness and strength during quenching from the intercritical tempera-
ture range (A,;—A4,.,) is typical for 9% Cr steels and is associated, firstly,
with a decrease in the density of dislocations in martensite and the for-
mation of ferrite grains and, secondly, with the enlargement of M,,C;
and MX particles. With an increase in the austenization temperature
above A, the dissolution of the carbide phase particles begins, as a re-
sult, the austenite enriched with carbide-forming elements turns into
martensite at a lower temperature. It is known that the greater the
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Fig. 8. The effect of prolonged annealing on the tensile mechanical properties of 9%
Cr ferrite—martensitic steel CLF-1 [62]

austenite supercooling degree, the more dispersed and durable marten-
site is formed. The authors of Ref. [51] also showed that the grain size
of the former austenite has a negligible effect on the characteristics of
short-term strength. To a much greater extent, they are controlled by
the size of martensitic lamellae, which are smaller the higher the quench-
ing temperature. Abe and Nakazawa [61] also emphasize the important
role of the size of martensitic plates and rails in combination with a
high density of dislocations and fine particles anchoring them.

In work [62], the effect of prolonged (6000 h) annealing at tempera-
tures of 550 and 600 °C on the microstructure and mechanical proper-
ties of poorly activated ferritic—martensitic 9% Cr CLF-1 steel was in-
vestigated. Such annealing does not significantly affect the size of fer-
rite grains, the width of martensitic lamellae and the dislocations den-
sity; however, it leads to enlargement (from 65 to 85 nm after annealing
at 550 °C and up to 115 nm after annealing at 600 °C) of M,,C, carbides
and their accumulation along the boundaries of martensite plates and
grains of former austenite. At the same time, there is no noticeable in-
crease in the size and volume fraction of MX carbonitrides. These
changes in the microstructure of CLF-1 steel have little effect on its
short-term mechanical properties. As can be seen from Fig. 8, prolonged
annealing at 550 and 600 °C for 6000 hours does not lead to significant
degradation of the characteristics of short-term strength and ductility
of steel. This behaviour indicates a high thermal stability of its micro-
structure and, accordingly, mechanical properties at temperatures of
550 and 600 °C [62].

In works [63, 64], the effect of prolonged (up to 100,000 h) high-
temperature annealing in the temperature range of 300—650 °C on the
microstructure and mechanical properties of 9% ferritic—martensitic
steel F82H was investigated. Prolonged annealing of this steel can lead
to the return of the martensitic structure, the enlargement of carbides

ISSN 1608-1021. Usp. Fiz. Met., 2022, Vol. 23, No. 4 699



1.E. Volokitina, A.V. Volokitin, and E.A. Panin

800
x MZSCG
O Laves
A M,C
o 700 | 6
8“ 650 OC —H—r—rrre—es
=}
® 600 - 600 °C—x———
[
g 550 SC————
8
o 500 | 500 SCrem—m———n
5 H ] ; ; :
< ! | | | |
400 - 450 °C— i i X X
1.000h  3.000 h 10.000 h  30.000 h  100.000 h
L L L IR S R R | L L L IR R R R |
10° 10* 10°

Aging time, ks
Fig. 9. Effect of annealing temperature on the carbide subsystem of F82H steel [63]

g 600 31 650 °C
= 550 wmo °c| R 29
@ 500 °C| 5 o
2 500 550 °C| .S 7
5 E}; 25
4 450 £ 23 600 °C
£ 600 °C| © 91
2 400 = 400 °C_ 500 °C|
x ol B 19 —{]
N 350 €650 °C| S 7 550 °C
300 15 . .
a b

Fig. 10. Mechanical tensile properties of F82H steel at 20 °C: yield strength (a) and
total elongation (b) [63]

M,,C,, the release of Laves phase particles (Fe,W) and carbides M C. It
is shown [64] that annealing for 5000 h in the temperature range of
300—-600 °C does not lead to significant changes in the microstructure
of this steel. The main difference between the initial and aged state is
an increase in the volume fraction of particles of the second phases
(mainly M,,C, carbides and Fe,W type intermetallides) from 1.5% to 2.6%
after annealing at 400—-550 °C and up to 4.1% after annealing at 600 °C.
At the same time, there is an increase in the average size of M,,C, car-
bides from =80 to 300 nm, and the particle sizes of MX remain un-
changed. After exposure of 1000 hours at T' = 600 °C and 650 °C and
100,000 h at 550 °C, Laves phase particles are isolated (Fig. 9) [63]. The
results deserving attention are obtained in Refs. [65—67]. M C carbides
in F82H steel are released at temperatures of 500—-600 °C after exposure
for 10,000 hours (Fig. 9) [63].
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The effect of annealing in the temperature range of 400-550 °C on
the mechanical properties of F82H steel is insignificant even after ex-
posure for 100,000 hours. As seen from Fig. 10, a, annealing at tem-
peratures <550 °C does not lead to significant softening of the material.
On the contrary, the separation and enlargement of the particles of the
second phases causes degradation of plastic properties, but this process
reaches saturation after 30,000 hours. Figure 10 also shows that the
yield strength of F82H steel at ambient temperature decreases rapidly
after prolonged annealing at T > 600 °C. The total elongation at the
same time (ageing at 650 °C) increases markedly simultaneously with a
decrease in strength. According to Ref. [63], this behaviour is associ-
ated with an intensive return of the martensitic structure.

The authors of Refs. [68, 69] believe that the microstructure stabil-
ity of 9-12% Cr steels is mainly determined by the stability of the sec-
ond phase emissions. It is known that M,,C, carbides and Laves phase
particles fix the boundaries of martensitic lamellae and initial austenite
grains, and nanoscale MX-type carbonitride particles fix dislocations
inside the matrix grains. Sufficiently rapid enlargement of the secre-
tions of the M,,C, phase and the particles of the Laves phase reduces
their fixing effect, leading to an accelerated return of the martensitic
structure.

As the results of numerous studies [70, 71] show, particles of the
MX type have the greatest stability at temperatures >650 °C (even at an
exposure time 100,000 h). However, according to Ref. [58], in steels
containing niobium and at least 10% chromium, MX carbonitrides can
dissolve when z-phase nitrides (Cr(Nb,V)N) are isolated. It was shown
in Ref. [71] that the stability (tendency to dissolution) of fine particles
of MX under the influence of high temperatures (and stresses) is deter-
mined by their shape and size. With equal longitudinal dimensions (e.g.,
8-10 nm), globular particles are more resistant to dissolution than
plate-shaped particles. At the same time, an increase in the size of the
latter to about 20x 10 nm? restrains their noticeable dissolution both in
creep tests and under the influence of radiation exposure [71].

It should be noted that a similar effect on the microstructure and
mechanical properties is also observed during annealing of 9-12% Cr
ferritic-martensitic steels EUROFER-97, CLAM, JLF-1 and others [72—
76]. The features of the microstructure evolution in the prolonged age-
ing process are largely determined by the initial structural state. The
above results also show that there is a correlation between the mechani-
cal properties of the original and aged sample. Consequently, knowledge
of the initial short-term mechanical properties of steels makes it possib-
le to predict these properties after prolonged high-temperature exposure.

To assess the heat resistance degree, such characteristics as the
limit of long-term strength and the time to failure at a certain tempera-
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ture and stress are often used. Experimentally, they are determined by
creep curves, i.e., the dependence of deformation on time at given stress-
es and temperatures. Figures 11 and 12 show the results of tests for the
high-temperature creep of some promising 9-12% Cr ferritic—marten-
sitic steels [77]. From these figures, it can be seen that the long-term
strength limit of F82H steel is comparable to that of Mod9Cr—1Mo
steel, widely used in thermal power engineering. On the other hand, at
high temperatures, F82H has some advantage over EUROFER-97 steel.
The authors [77] attribute this difference to a higher W content in
F82H steel.

According to Refs. [36, 38, 67, 69, 78, 79], the achieved heat resist-
ance level of considered steels is ensured by the combined action of
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substructural (grain and subgrain boundaries, high dislocation density),
solid-solution and dispersion hardening (M,,C; carbides and MX car-
bonitrides). It is known that the creep rate and the time to fracture of
steels at high temperatures control the return of the dislocation sub-
structure. Therefore, to improve the creep characteristics of high-chro-
mium ferritic-martensitic steels, it is necessary to increase the number
of obstacles to the movement of dislocations, namely, the formation of
a highly defective subgrain structure fixed by particles of the second
phases.

At the same time, carbides M,,C; and thermally stable carbonitrides
of the M X type are considered as hardening phases, as is shown in many
works [1, 5, 29, 36, 38, 67, 69, 78, 79]. Laves phase and z-phase parti-
cles are undesirable. Due to the high rate of growth and coagulation,
they do not provide the necessary level of long-term strength at high
operating temperatures [80].

4, Features of Martensite Plastic Deformation Processes

Plastic deformation, as a rule, proceeds heterogeneously. The heteroge-
neity of plastic deformation can manifest itself on a different scale and
for various reasons. In the course of technological processes, under con-
ditions of complex deformation, various types of dislocation substruc-
tures are formed in the metal. At the same time, it is necessary to take
into account that during plastic deformation, the defective substructure
also evolves [81—-83], various defects and their complex formations ap-
pear and disappear in the bulk of the deformed material, the structure
parameters of the remaining defects change, and therefore knowledge of
the nature and laws of the defective substructure evolution is necessary
as well as diagnostic of defects [84, 85] and their distribution, including
substitutional or interstitial atoms and vacancies [86—89]. The authors
of work [13], studying the evolution of the defective substructure under
large plastic deformations of the alloy by torsion on Bridgman anvils,
believe that an important feature of the defective substructure at the
first deformation stage, as in the case of rolling deformation, is the
high density of submicrocrystals with high continuous misorientations
or high density of boundaries with variable misorientation vectors mod-
elled by clusters of continuously distributed partial one-sign disclina-
tions. This type of substructure has been found to date in a wide class
of submicrocrystalline materials: copper, nickel, etc. Sources of inhomo-
geneous stresses leading to the formation of substructures with a high
curvature of the crystal lattice can be both dislocation ensembles with a
high excess dislocation density of one sign, and the accumulation of
continuously distributed partial disclinations in the boundaries with
variable disorientation vectors [13].
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Studying the dislocation substructure evolution of low- and medi-
um-carbon steels during drawing [90, 91], it was found that as the de-
formation degree increases, in the studied steels the main chain of
structural transformations in the dislocation ensemble is as follows:
chaos—grids—cells—anisotropic fragments—isotropic fragments. An
increase in the total deformation degree is accompanied by the develop-
ment of the fragmentation process, and the volume fraction of the frag-
mented substructure increases almost linearly with an increase in the
true deformation. This process is caused by the relaxation of long-range
stress fields and self-organization of the dislocation substructure. The
volume fractions of substructures change along the wire cross section in
such a way that their evolution is closer to completion in the central
zone. The scalar dislocation density and the torsion curvature of the
crystal lattice increase, and the size of the cells and fragments decreas-
es as they approach the centre of the sample. An increase in the drawing
speed increases the scalar density of dislocations and creates a more
uniform distribution of this characteristic over the cross section.

The study of the effects observed during phase transformations for
plastic deformation made it possible to develop new classes of steels
with plasticity induced by diffusion-free martensitic transformation.
Such steels are called TRIP (transformation-induced plasticity) steels,
and have one of the best strength indicators with a sufficiently high
plasticity. Further investigation of the features of the course of marten-
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Fig. 14. The growth of martensitic crystals in austenite grain with a decrease in
temperature from 400 to 360 °C and the corresponding map in the colours of the
reverse pole figure [95]

sitic transformation at different temperatures made it possible to develop
another class of high-strength steels with ductility induced by twinning,
which became known as TWIP (twinning-induced plasticity) steels. They
are characterized by high plasticity with good strength characteristics.
Schematically, their position, indicated in the values of strength and
ductility, compared with other classes of steels is shown in Fig. 13. As
an example of the achievability of such mechanical properties, the work
[86] can be noted, where the authors obtained a TRIP steel with a tensile
strength of 1000 MPa and a relative elongation of 60%.

Recently, some authors [93, 94] have reported the creation of a new
class of high-strength steels, called MBIP (microband-induced plasticity)
steels, combining a combination of high strength properties of TRIP steels
with excellent ductility indicators, which are inherent in TWIP steels.

The martensitic transformation occurring during cooling obeys the
general laws of phase transformations occurring in the solid state. The
thermodynamic stimulus in this case is the temperature, with a decrease
in which it becomes more energetically advantageous to form a new
phase. The formation process of martensitic crystals is considered in
detail in Ref. [95], where their growth in a separate austenite grain was
studied at a temperature drop from 400 °C to 360 °C (Fig. 14).

Historically, the largest number of studies has been devoted to the
martensitic transformation occurring during the cooling of steels, which
is considered in a number of monographs, e.g., [96]. Later, it was ex-
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perimentally proved that this transformation is one of the most common
in solids and is observed in a variety of metals and alloys under differ-
ent conditions. It was also found that for steels, the appearance of mar-
tensite is possible not only during cooling. Authors of Ref. [97] pro-
posed to distinguish the following three types of martensite: cooling
martensite, stress martensite, and strain martensite. Thus, the marten-
sitic transformation can act in two forms: (i) as a phase transition of the
first kind initiated by high-speed cooling and (ii) as a process occurring
during deformation and initiated either by a given stress level (stress
martensite) or a given strain level (strain martensite). As already men-
tioned, there are quite a lot of works in which the formation of cooling
martensite is investigated, since quenching on martensite is one of the
most important technological operations to increase the strength of
manufactured products. Much less research has been conducted on the
formation of martensite during deformation.

Authors of Refs. [98, 99] who studied the behaviour of metastable
manganese-based steels, authors of Ref. [100] who studied high-strength
steels with both martensitic transformation and twinning in the study
of the strength properties of austenitic steels, authors of Ref. [101] who
studied in detail the problems of fatigue of materials, including metast-
able steels, made a significant contribution to the study of the kinetics
of martensitic transformation occurring during deformation.

For the first time, the appearance of martensite during deformation
was noted in Ref. [102], where it was indicated that with a decrease in
the temperature of the martensitic transformation below ambient tem-
perature, plastic deformation could initiate a transition from vy (f.c.c.)
to o’ (b.c.c.) martensite. Moreover, the amount of formed martensite is
directly proportional to the deformation degree.

The study of the stress martensite microstructure formed under the
action of the applied load revealed its significant similarities with cool-
ing martensite having a lamellar structure. It was noted that the mar-
tensite deformation structure is special: fine, rack-and-pinion, highly
dispersed.

The martensite formed during deformation significantly improves
the mechanical properties of the material. Steels undergoing this trans-
formation during deformation show significantly greater elongation
with similar strength characteristics than steel similar in chemical com-
position. In addition, such steels with equal elongation have increased
tensile strength, compared with similar steels without martensitic trans-
formation [103]. This is explained by the fact that deformation marten-
site has an increased dislocation density compared to cooling marten-
site. It promotes additional local hardening, which prevents the locali-
zation of plastic deformation in the neck, thereby distributing it over a
larger area, which leads to a slowdown in destruction. For this reason,
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Fig. 15. Microstructure change according to the electron backscatter diffraction
(EBSD) analysis for 16Cr6Mn6Ni steel deformed to elongation (a) 9.9% and (b)
15.7%: y-austenite (f.c.c.) is shown in the colours of the reverse pole figure, yellow
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Fig. 16. Image obtained on a transmission electron microscope (TEM) of a prepared
foil made of 16Cr6Mn6Ni steel after deformation to a relative elongation of 8%:
deformation bands consisting of packaging defects (a) and individual packaging
defects from different sliding systems (b) [112]

the materials with a similar effect are significantly superior to others,
for example, in terms of impact strength.

To obtain high strength and ductility indices, it is necessary that
the temperature, at which the metastable steel under study is deformed,
be between the M, and M, points; this was shown for an alloy contain-
ing 29% of Ni and 0.26% of C in Ref. [104].

In addition, in order to obtain optimal physical and mechanical
properties, the grain size is important, since the amount of deformation
that must be applied to form crystals of the martensitic phase depends
on it. Thus, in the work [105] on steel containing 0.1% C, 1.5% Mn,
0.5% Si, and 0.1% V, austenitic grains with a size of 2—6 microns
turned into martensite faster than smaller ones.

The transformation process from vy (f.c.c.) to o' (b.c.c.) can often
proceed through an intermediate phase with an h.c.p. lattice, the so-
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called e-martensite, which was noticed by Schmidt during the x-ray ana-
lysis of Fe—Mn alloys. As calculated [106], often the transformation of
the f.c.c. lattice into h.c.p. is energetically more advantageous than the
transformation immediately into a b.c.c., since, in this case, only the
order of laying of close-packed layers changes. The formation of an h.c.p.
lattice can be considered as f.c.c. with packaging defects in one layer.

Later, the presence of this phase was also discovered and investi-
gated in the works of other scientists [107]. Thus, for metastable steels,
the process of converting austenite into other structures (phases) can
proceed in three ways: y—¢, y—a', y>e—a', which has been well shown
for Fe—Mn alloys with variable manganese content (see also effects of
cyclic martensitic y—¢ and y—e—y transformations on diffusion character-
istics (of Co and C) in Fe—Mn-based alloys [108, 109]).

Studies of the features of the formation of the embryo of the mar-
tensitic phase were carried out in Ref. [110], where it was found on
steel 18% Cr, 8% Ni that the embryo of the o' martensitic phase is
formed at the junction of two series of dislocations. In the work [103]
carried out on AISI 304 steel, the formation of a new phase embryo was
detected at the intersection of packaging defects in the slip strip. A
similar study of the ¢ and o’ phases’ formation was carried out in a work
[112] for the Fe—Ni metastable steels (Fig. 15).

According to the data presented above, the intersection of deforma-
tion lines after the start of loading is the nuclei for the formation of
e-martensite with an h.c.p. lattice, which, with further deformation,
transforms into a’-martensite. At the same time, using a high-resolution
technique in a scanning electron microscope, the same authors showed
that the h.c.p. structure of e-martensite is formed by close stacking of
lamellae of packaging defects (Fig. 16).

5. Features of Ultrafine-Grained State
of Steels with Martensitic Structure

The properties of the obtained ultrafine-grained (UFG) materials largely
depend on the method and conditions for obtaining UFG structures
[113-119]. Now, there are two different approaches to obtaining bulk
materials with nanoscale or ultrafine-grained structural elements. The
first, the so-called ‘bottom-up’ one, in which the production of bulk
blanks with nanostructured elements, is created by compacting powders
with smaller nanostructured particles. Powders are obtained by grind-
ing in a ball mill, gas condensation in an inert gas atmosphere, etc.
However, bulk blanks at the same time have a number of disadvantages
that limit their wide application, the main of which are high residual
porosity (=10%), small billet sizes and high chemical heterogeneity
[120, 121].
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Fig. 17. TEM micrographs of 9% Cr steel: initial sample (a); one pass of ECAP (b);
six ECAP passes (c); histogram of grain distribution after 6 ECAP passes (d) [131]

The use of the ‘top—down’ approach, when large deformation de-
grees are applied to the samples at low temperatures, as well as the pos-
sibility of using various deformation schemes, avoids the disadvantages
inherent in the ‘bottom-up’ approach [122]. The most common and stud-
ied methods of severe plastic deformation are high-pressure torsion and
equal-channel angular pressing. A high level of properties when using
these methods is provided by the formation of structures with nanoscale
elements, high-angle misorientation, high dislocation density and non-
equilibrium grain boundaries [123—-126]. Other methods also related to
severe plastic deformation are comprehensive forging [127] and screw
extrusion [128].

Structure formation in the severe plastic deformation (SPD) process
proceeds in several stages, which are well studied on various metallic
materials [9, 129, 130]. At the first stage, there is an increase in the
dislocations density, the formation of a cellular and fragmented struc-
ture. At low deformation degrees, the misorientation angles of grain
boundaries are less than 1°. With a further deformation degree increase,
the misorientation angle of grain boundaries increases, the grain size
decreases, and the cellular structure is formed. Microstrips and shear
bands are formed, the misorientation angle of grain boundaries increas-
es, which leads to the formation of a grain structure, mainly with high-
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angle misorientations (>6°). Thus, in Ref. [131], the use of the equal-
channel angular pressing (ECAP) for steel with a 9% Cr content made
it possible to grind the structure from 20 microns in the initial state to
200 nm after 6 passes at room temperature. Figure 17 shows the micro-
structure evolution during ECAP after 1 and 6 passes. This treatment
led to an increase in microhardness from 2.7 GPa in the initial state to
3.8 GPa after 6 passes, the tensile strength increased from 730 to and
1160 MPa, and elongation decreased from 23 to 10%, respectively.

As is known, the nanocrystalline and UFG states formed during the
SPD process are metastable, and when heated, properties are lost due to
the transition to a large-crystalline state. Studies on pure metals, in-
cluding in o-Fe, have shown the beginning of grain growth at T/T,,, <
< 0.4 [132]. The authors of Ref. [133] conducted a study of thermal
stability during annealing of submicrocrystalline (SMC) low-carbon
steels (10G2FT and 06MBF), depending on the initial structural-phase
state, which were obtained by varying the temperature and number of
passes in the ECAP process. In the initial state, the steels contain car-
bides MC, M,C, M,,C;. Annealing in the temperature range of 300-
700 °C showed the stability of microstructures up to 500 °C, regardless
of the structural-phase state up to ECAP. After annealing at 600 °C,
differences in the initial structural-phase state appear. Thus, in sam-
ples with the initial pearlite structure, the processes of collective re-
crystallization begin, and the structure becomes microcrystalline.
Annealing of SMC structures, which had the structure of martensite
and ferrite before ECAP, have a similar character of the kinetics of
grain growth, but retain the SMC character. Annealing at 700 °C leads
such a structure to microcrystalline dimensions.

High-alloyed martensitic steels are difficult to deform due to high
alloying and the presence of carbide particles providing high strength
properties. Thus, in Ref. [134], after one ECAP pass at ambient tem-
perature in heat-resistant martensitic steel (15% Cr), the initial mar-
tensitic plates are grinded, inside which the dislocation grids are formed
and dislocation density increases. Carbide particles acquire an equiaxial
shape. During the subsequent ageing, the particles partially dissolve
and their distribution is more uniform. At the same time, there is a si-
multaneous increase in strength and plasticity, due to the grinding of
grain and a more uniform particles distribution.

The influence of alloying elements on the level of properties ob-
tained in ECAP, such as Mo, Ti, V, Nb, which are carbide-forming
agents, was studied in Ref. [135]. A submicrocrystalline structure with
an average size of structural elements of 325 nm was formed in low-
carbon steel 06 MBF after 4 passes ECAP at 300 °C. At the same time,
due to an increase in particle dispersion, density of their distribution,
grain grinding and an increase in dislocation density, the yield strength
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Fig. 18. TEM images of carbides M.C, Fe,C, and M,,C, in ferrite steel 06MBF: in
the initial state (a, b) and after ECAP (¢, d) [133]

increased from 480 to 815 MPa, plasticity was 5% . Figure 18 shows
TEM images of steel, which clearly show the grinding of carbide particles.

In work [136], metastable austenitic stainless steel SUS304 was in-
vestigated after high-pressure torsion at ambient temperature after
various anvil rotation speeds. The initial state of the steel was obtained
by annealing at 1100 °C for 1 hour, followed by quenching in ice water.
The prepared samples for high-pressure torsion had 10 mm in diameter
and 0.85 mm in thickness. HPT was carried out under an applied pres-
sure of 5 GPa. The number of revolutions varied from 0.03 to 50 at an
anvil rotation speed of 0.2 and 5 revolutions per minute.

After HPT at rotation speed of 0.2 revolutions per minute at the
early stage of deformation, the volume fraction of austenite decreases,
and the volume fraction of a’-martensite and e-martensite increases rap-
idly. For example, after 0.03 revolutions, the volume fraction of
e-martensite reaches 11%, but with a further increase in the number of
revolutions to 0.25, the content of e-martensite decreases and it com-
pletely disappears. The volume fraction of o'-martensite continues to
increase and, after 0.5 turns, ~100% is formed, and with further defor-
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mation remains almost unchanged. HPT at rotation speed of 5 revolu-
tions per minute leads to a rapid decrease in the volume fraction of
austenite, and, at 0.25 revolutions, it reaches a minimum value of 15%.
At the same time, the content of o'-martensite is 79%, and the content
of e-martensite is 6% . Further, deformation leads to an increase in the
volume fraction of austenite and, consequently, a decrease in the con-
tent of o'- and e-martensite. This indicates that during HPT at high
rotation speed, not only direct (y—a'), but also inverse (a'—>y)-martensitic
transformations are realized [136].

In work [137], metastable austenitic steel 0S8H14N11K5M2YUT was
studied after applying the following methods of severe plastic deforma-
tion: equal-channel angular pressing, drawing and high-pressure tor-
sion. This steel was developed by the authors, since metastable auste-
nitic steels (12X18H10T, etc.) currently used in industry have low
strength properties at temperatures above 300 °C and under particu-
larly hard loading conditions, these indicators are insufficient for them.
In this regard, the authors conducted a study of austenitic steel
03X14N11K5M2YUT at T > 300 °C.

Equal-channel angular pressing was carried out in 4 and 6 passes at
a temperature 325 °C for samples with a diameter of 10 mm and a length
of 60 mm. After ECAP, there is an increased dislocation density and a
predominantly submicrocrystalline structure. In addition, the samples
showed a 2—3-fold increase in strength properties with a slight decrease
in plasticity. This state is characterized by a microstructure with an
average grain size of 50—100 nm. The authors have shown that (y—e—a’)
and (y—a') transformations occur after ECAP at 4 and 6 passes. As a
result, the maximum volume fraction of o'-martensite reaches 50% af-
ter 6 ECAP passes [137].

In the process of cold drawing [137], an axial structure is formed for
samples with a diameter of 8 mm. At the deformation degree e = 0.52,
numerous packing defects, deformation twins and e-martensite are obser-
ved in the structure. Deformation at e ~ 4 leads to an increase in the
volume fraction of o'-martensite to 98% . At the same time, the grain
sizes of o'-martensite are of ~50 nm. The formation of such a structure
makes it possible to increase the strength properties of steel by 3—4 times.

In work [138], the influence of thermomechanical treatment para-
meters on the features of the nanocrystalline structure in austenitic
steel AISI 301 was studied. In the initial state, the average grain size is
of ~18 microns. Cold rolling was carried out in the temperature from
—196 °C to 0 °C with a strain rate of 0.5 s!. Thermomechanical treat-
ment was carried out, as shown in Fig. 5, in four stages:

(a) cold rolling at —10 °C with a deformation degree of 35%;

(b) subsequent annealing at 750 °C for 10 minutes;

(c) cold rolling at —10 °C with a deformation degree of 60%:;
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(d) subsequent annealing in the temperature range 600-850 °C for
30 seconds to 50 minutes.

During rolling at 0 °C, the volume fraction of o'-martensite reaches
100% with a deformation degree of 50% . However, rolling at —196 °C
makes it possible to achieve 100% o'-phase at 20% deformation. Accor-
ding to the authors, the decrease in the necessary deformation with a
decrease in temperature for the formation of a larger amount of o'-
martensite is explained by a decrease in the energy of the packaging
defect and an increase in the available chemical driving force for the
transformation [138].

After the second stage, the microstructure consisted of 85% austen-
ite with an average grain size of 3 + 0.5 microns. The study of the
microstructure after the fourth stage showed that a higher annealing
temperature leads to a greater return of austenite with a short anneal-
ing time. Metastable austenitic steel AISI 304L after cold rolling was
investigated in Ref. [139]. The initial state was obtained by annealing
at 1080 °C for 1 hour, followed by cooling in water. Cold rolling was
carried out in a two-roll rolling mill in several passes with a total defor-
mation degree of 90% . The cold-rolled samples having a thickness of 1
mm were annealed at 825 °C for 30 seconds. Annealing was carried out
from 2 to 8 cycles, followed by quenching in water after each cycle. In
addition, annealing with a duration equal to the total time from all
short annealing cycles was studied to compare the effect on the micro-
structure.

Based on the results of calculating the required time for uniform
temperature distribution over the sample during annealing, the authors
of Ref. [140] note that 14—-18 seconds at temperatures of 775-900 °C
are sufficient for this. Therefore, the use of 30-second annealing is suf-
ficient to equalize the temperature according to the sample. The esti-
mated heating rate was 58 °C/s.

In the initial state, the microstructure is characterized by polygonal
grains with an average size of about 85 + 4 microns. Cold rolling leads
to a general elongation of the grains in the direction of rolling. As a
result, a fibrous structure is observed, which is stable after subsequent
annealing at T < 750 °C for 5 minutes. However, annealing at 825 "C for
1 minute makes it possible to eliminate the fibrous structure [139].

It should be noted that in the process of cold deformation, a direct
y—ao'-martensitic transformation is realized. The volume fraction of a’'-
martensite reaches 24.5% . Subsequent annealing of the samples leads to
reverse martensitic transformation. The complete return of austenite is
achieved by annealing within 5 minutes. A full return of austenite is
also possible due to 10 cycles of 30 seconds, respectively [139].

The features of the structure after this thermomechanical treat-
ment are submicrocrystalline austenitic grains (d < 500 nm) and areas
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Fig. 20. The x-ray phase analysis of the steel produced by the high-pressure torsion
(HPT) via different modes (a) and transmission electron microscopy observations
for the HPT steel produced via modes 1 (b), 3 (¢) and 5 (d) [141]

with high dislocation density. A reduction in the volume of such a
microstructure formed after cold deformation is possible due to an in-
crease in the number of short annealing cycles. At the same time, the
grain size of austenite increases. Figure 19 shows a typical microstruc-
ture after 4 annealing cycles at 825 °C [139].
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o]

Fig. 21. Diagram of microstructural changes of the alloy during continuous heating
and isothermal exposure: cold-rolled (a); during continuous heating (b); during iso-
thermal exposure (c) [142]

In work [141], the metastable austenitic steel 08 X18N10T was stud-
ied after HPT followed by annealing. The initial state was obtained by
annealing at T = 1050 °C for 1 hour, followed by cooling into water.
HPT under a pressure of 6 GPa was carried out: (i) at temperatures of
20 °C (mode 1), 300 °C (mode 2) and 450 °C (mode 3); (ii) with a step
increase in the processing temperature from 20 °C to 450 °C (mode 4);
(iii) with stepwise reduction of the processing temperature 450 °C —
300 °C — 20 °C (mode 5). The total number of revolutions was 10 for
each processing mode. The samples after HPT had the shape of a disk
with a diameter of 20 mm and 1 mm in thickness.

X-ray phase quantitative analysis showed that after mode 1, the
volume fraction of o'-martensite is of ~74% . In other processing modes,
the completely austenitic structure is preserved. This is because the
temperatures of 300 °C and 450 °C are much higher than the formation
temperature of deformation martensite. Because of HPT, even in mode
4, the formed o'-martensite at 20 °C passes back to austenite with a
further increase in temperature. For mode 5 with a decrease in tem-
perature, the formation of a completely austenitic structure, according
to the authors, is explained by the fact that grain grinding during de-
formation leads to a decrease in the temperature of M for the beginning
of martensitic transformation [141].

After HPT at an applied pressure of 6 GPa and after mode 5, a
nano- and submicrocrystalline structure with an average grain size of
60-120 nm is formed (Fig. 20) with increased strength properties [141].

In work [142], the reverse transformation of martensite into austen-
ite in a metastable austenitic alloy during continuous heating with sub-
sequent isothermal exposure was investigated. The initial state was ob-
tained by quenching at 1200 °C for 12 hours, followed by hot deforma-
tion by rolling at 1000 °C with thinning to 10 mm. The obtained samples
were subjected to cold rolling with a degree of deformation of 75%. As
a result, cold deformation leads to an almost complete transformation
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of austenite into martensite. This state is characterized by a lamellar
o/-martensitic structure with an average lamella size of ~200 nm (Fig. 21,
a). The diffusion-free reverse (o'—y)-martensitic transformation occurs
during continuous heating to 520 °C at holding times of 30 seconds, 10
minutes and 30 minutes, respectively. During heating to 520 °C at a
rate of 10 °C/s, the formation of 70% austenite is observed. As shown
in Fig. 21, b, the microstructure after heating to 520 °C can be repre-
sented by a lamellar austenitic structure similar to the structure of
martensite lamellae after cold rolling. In Figure 21, b, austenite formed
by means of diffusion is designated as y,. The average size of austenitic
lamellae is 100 nm [142].

A more complete reverse (o'—y) transformation is possible after
heating to 520 °C with subsequent isothermal exposure. At the same
time, during isothermal exposure, the reverse transformation proceeds
by diffusion, resulting in equiaxial austenite grains (Fig. 21, ¢). In
Figure 21, ¢, austenite formed by means of diffusion is denoted as v,.
With an increase in the exposure time to 30 minutes, a subgrain struc-
ture is formed in the austenite formed by means of diffusion. The dot-
ted lines in Fig. 21, ¢ show the boundaries of the subgrains. Thus, the
formation of austenite during heating with subsequent isothermal expo-
sure occurs both by diffusion-free and diffusion-free ways [142].

In work [137], the possibility of using low temperatures during roll-
ing for the implementation of direct (y—a')-martensitic transformation
was shown. In this regard, it is possible using the straight lines (y—a)-
and reverse (a—y)-martensitic transformations during cooling and heat-
ing, to form submicrocrystalline and nanocrystalline states in metasta-
ble austenitic steels. Martensitic transformations during cooling (in-
cluding to the boiling point of liquid nitrogen) are observed only in
certain metastable austenitic steels having a sufficiently high start tem-
perature of the martensitic transformation (M,). At the same time, the
use of plastic deformation after cooling contributes to a more intense
(y—>o')-martensitic transformation.

6. Conclusions

As can be seen from the literature review, a wide range of structural-
phase states can be realized in ferritic-martensitic class steels, depend-
ing on their elemental composition and heat treatment conditions. In
this regard, the solution of the above problems is associated, on the one
hand, with the optimization of the elemental composition of steels, and,
on the other hand, with the development of methods for modifying their
microstructure.

Despite the considerable amount of work on the study of the micro-
structure features and mechanical properties of ferritic—martensitic
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steels presented in the review of this work, many questions of the phys-
ics of the formation of microstructure and mechanical properties of
these steels remain open. In our opinion, these are, firstly, the regu-
larities of phase and structural transformations depending on the
processing modes, for example, the influence of the quenching rate,
temperature—time tempering regimes, and plastic deformation in the
region of austenite existence on the features of the formation of heter-
ophase and defective substructure, and others, and, secondly, the issues
of the relationship of the microstructure of steels with their mechanical
properties.

In addition, most of the works are devoted to adjustments of the
elemental composition and optimization of the traditional processing
mode (heating temperature for quenching, temperature and time of fi-
nal tempering) of steels mainly with 9% chromium, as well as compre-
hensive certification of their microstructure and mechanical properties
after this treatment. Only a small number of works are aimed at modify-
ing their structural—-phase state and mechanical properties using process-
ing modes other than the traditional one.

The analysis of the literature data also shows that, despite the large
amount of research on the influence of UFG structures on the micro-
structure and properties of various metallic materials, there is not
enough data on the formation of UFG structures in ferritic—martensitic
steels. At the same time, an urgent task is to increase the strength char-
acteristics of steels of this class. A promising approach to solving this
problem is the use of SPD methods, which allow achieving a high level
of properties by grinding the grain structure, in combination with ad-
ditional heat treatment.
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MAPTEHCUTHI IIEPETBOPEHHS V HEIP/KABIMHNX KPUIIAX

Hapasi inTeHCUBHO PO3BUBAETHCA HAIIPAM JOCTiAKeHb MaTepiajiB, y AKUX CIOCTepi-
raroThbCcAd MapTEeHCUTHI mepeTBopeHHA. Ile moB’A3aH0 3 TUM, III0 B IPOIECi MAPTEHCUT-
HUX IIePEeTBOPEeHb y 6ararbox MarepiajaxXx yTBOPIOIOThCA PisHi ZedeKTH KpUCTATigHOL
OyzmoBu (mBifiHUKM, nuciokarii, nedeKTH HaKyBaHHA TOINO), AKi pasoM i3 dparmen-
TaIieio 3epeH IPUBOJATH 0 iCTOTHOTO IiABUINEHHA MiIHicHUX BiactuBocteii. Illupo-
Ka HOIIUPEHiCTh MAPTEeHCUTHUX IIePETBOPEHD IIPUBEJA L0 NOCHiIKeHHA 0CO0IUBOCTEMH
nedeKTHOI MiKPOCTPYKTYpPH Ta 3MiH MeXaHiUHMX BJIACTHUBOCTeIl MaTepiasiB y mpoiieci
MapTeHCUTHUX IepeTBopeHb. Ile crmpuano Tomy, IO TeOpid MapTEHCUTHUX IIEPETBO-
PeHb 3aiHAJNA KJIOUOBE MicIle B HAyIl PO CTPYKTYPY Ta BJIACTUBOCTI KPUCTATIUHUX
Tin. [MiamasoH po6oymx TeMIlepaTyp KPHUIb TAKOTO KJiacy OOMeKeHUN 3HU3Y IXHBOIO
CXWJIBHICTIO 0 HUBBKOTEMIIEPATYPHOI'0 OKPUXYYBAHHSA (XOJIOZHOJIAMKOCTH) 3a pajia-
IMiAHUX BIJIUBiB, a 3BepPXy — PiBHEM TPUBAJOI MilTHOCTH (3KapOTPUBKOCTHU). ¥ 3B’ ABKY
3 I[UM Ha CHOTOJHIITHIN AeHb MiABUINEHY yBary axiBIliB y raaysi ¢GisuKu KOHIEHCO-
BAHOTO CTaHy 0 (epPUTHO-MAPTEHCUTHUX KPUIb BUKJINKAHO HEOOXiIHICTIO BUABJIEH-
HA MeXaHi3dMiB (GOpMyBaHHSA CTiHKHX 3a POOOUHX TEMIIEPATYDP MiKPOCTPYKTYpH Ta
(yHKIIiOHATBHUX BJIACTUBOCTEH KPUIlh, & TAKOMK IIOIIYKY PEe3epBiB IiABUINEHHA iX-
HbBOI JKapOTPUBKOCTU 3i 30epesKeHHAM AOCTATHBOTO PiBHS MJIACTUYHOCTH.

Karouosi caoma: meipixkaBiiiHa Kpuiisgd, MapTeHCUT, MAPTEHCUTHE I€PETBOPEHHS, Mi-
KPOCTPYKTYypa, BiAmas, KapoTPpUBKiCTb.
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