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A comprehensive study was carried out on the strain-induced martensitic 
transformation, its reversion to austenite, the resultant grain refinement, 
and the enhancement of strength and strain-hardening ability through the 
transformation-induced plasticity (TRIP) effect in a commercial stainless 
steel with emphasis on the mechanisms and the microstructural evolution. 
It is shown that depending on the cooling rate and temperature conditions 
of austenite decomposition, pearlitic and martensitic transformations 
proceed with the formation of gradient-layered structure, modernization 
of steel surface layer structure is obtained while the chemical composition, 
structure and the central layer properties of the processed product remain 
unchanged. The non-diffusive martensitic transformation is developed 
in the surface zone that makes the formation of needle martensite. In the 
underlying layers, the decomposition of austenite proceeds by diffusion 
and is followed by the formation of a lamellar ferrite-carbide mixture of 
different degrees of dispersion. It is noted that the formation in the surface 
layer of plasma-strengthened steel of the gradient-layered structure allows 
to exclude the formation of a sharp transition from martensite structures to 
trostite-martensite and mixed lamellar structures, which is a concentrator 
of internal residual stresses.

INTRODUCTION
Wear processes, crack growth under static, 

dynamic and variable loads start from the surface, 
therefore, are determined by the structure and 
properties of a relatively thin surface layer, which 
plays a special role in ensuring the reliability and 
durability of machines and mechanisms. This fact 
should explain the increased interest in studies 
of the regularities of formation and development 
of gradient-layer structures after using different 

types of hardening thermal treatments 
(thermomechanical treatment, plasma, laser 
hardening, etc.) [1-3].

The relevance of these studies is justified by the 
fact that, on the one hand, the physical nature of 
complex processes occurring during the formation 
and development of gradient-layered structures 
has not been studied sufficiently, on the other 
hand, gradient-layered structures in metallic 
materials give steels and alloys new, previously 
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unknown, properties [4,5].
Gradient-layered structures are of particular 

interest in surface plasma hardening.  This is due to 
the fact that, in many cases, local heat treatment is 
technically and economically justified, when only 
the most stressed working surface of the part is 
hardened while retaining its original properties in 
the inner layers [6]. Local heat treatment is of great 
interest because cooling during plasma hardening 
proceeds at a high rate due to the small volume of 
heated metal, which provides hardening with only 
one heat transfer to the cold areas of the product 
without supplying the heated surface with coolant. 
This has an important practical value, because the 
process of hardening without water supply to 
the hardened product significantly simplifies the 
technological process of heat treatment [7,8].

MATERIALS AND METHODS
In order to study the specific features of 

formation of the layered structure in the hardened 
layer, special experiments aimed at finding out 
the effect of the layered-gradient structure in 
structural steel on wear resistance and resistance 
to brittle fracture were carried out. The study 
was carried out on structural steel samples with 
surface plasma hardening of the ridge banding. 
The macroscopic studies were carried out on a 
transverse temple with ridge height of 28 mm 

after etching with 50% aqueous solution of 
sulfuric acid. The width of the hardening band was 
30 mm, and the maximum depth of the hardening 
zone was 1.9 mm. Metal microstructure was 
studied using optical research microscope Axio 
Observer D1m Carl Zeiss designed to analyze 
the phase composition and structural features 
of the processed steel at a magnification of x100 
to x1000. Electron microscopic studies were 
carried out on an electron microscope JEOLJEM 
2110 at a magnification of x5000. The main 
advantages of the method are the possibility to 
study fine structure details and visual perception 
of the complex real structure of the treated steel. 
Measuring of microhardness of the hardened layer 
was carried out on microslips cut in cross direction 
from the segment with the requirement of keeping 
the hardened layer on the hardness tester PMT-
3 at the load of 1,962N (200gs) according to the 
requirements of GOST 9450-2006 “Measuring of 
microhardness by indentation of diamond points 
[9].

This device provides the possibility to select 
the microstructure area where the indentation 
will be made. Due to the small size of the imprint, 
the microhardness of the individual phase and 
structural components of the steel was measured. 
A diamond pyramid with a square base and an 
angle of 136° at the base was used as an indenting 

Height from 

surface, 

mm 

Microhardness,HV02 Microstructure 

 

Height from 

surface,mm 

Microhardness,HV02 Microstructure 

 

0,05 871  

 

Martensite 

 

0,80 557  

Sorbitol + perlite 0,10 850 0,95 553 

0,15 847 1,10 541 

0,20 802 1,25  427 

0,25 760 Troostite-

martensite 

 

1,40 427 

0,30 685 1,55  372  

Perlite 0,40 628 1,70 343 

0,50 615  

Troostite-sorbitol 

1,90  322 

0,60 613 2,10 295 Perlite + Ferrite 

0,70 585 2,30  295 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1. Changes in microhardness by depth of the hardened layer.
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tool (indenter). Based on the measured diagonal of 
the indentation, the hardness value is calculated as 
the ratio of the applied load divided by the surface 
of the obtained imprint. To exclude possible 
roughness of the edge surface during grinding 
and polishing on the value of microhardness when 
measuring microhardness of the sample, the 
first indentation was applied at a distance of not 
less than 0.05 mm from the surface. For plotting 
of dependence diagram of microhardness on 
section of the hardened layer microhardness was 
measured according to GOST 9450 separately on 
not etched samples. The chemical composition 
of steel in the depth of plasma hardening and 
the non-hardened zone was analyzed on a 
Leica Microsystems SPECTROLABJrSSD spark 
spectrometer [10].

RESULTS AND DISCUSSION
Characterization

The conducted metallographic studies show 
that during high-speed heating and cooling, 
during plasma hardening, a gradient-layered 
(mixed) structure is formed in the surface area of 
the processed product. Microhardness values are 
given in Table 1. As can be seen from the table, 
the change of microhardness occurs in the range 
from 871 HV02 to 295 HV02. At a depth of 0,05 - 
0,20 mm it is observed martensitic structure with 
microhardness 871 - 802 HV02, at a depth of 0,25 
- 0,60 mm troostite-martensitic structure with 
microhardness 760 - 613 HV02, then troostite-
sorbite structure at a depth of 0,70 - 1,10 mm with 
microhardness 585 - 541 HV02, sorbite-perlite at 
depth 1,25 -1,90 mm with microhardness 427 - 
322 HV02 followed by a gradual transition to the 

initial ferrite-perlite structure with microhardness 
~ 295 HV02.

The SEM images obtained from the cold rolled 
samples at room temperature to strain of 0.1 and 
1.1 are shown in Fig. 1 as the candidates of low and 
high straining conditions. Fig. 1 a shows the SEM 
image of a heavily rolled sample to strain of 1.1, 
depicting the morphology of the DIM. Moreover, 
as shown in Fig. 1 b, the presence of ε-martensite 
is signified by XRD pattern of slightly cold rolled 
sample to strain of 0.1.

Changes in the microstructure of steel treated 
by surface plasma hardening are shown in Fig. 
2. The formation of several structural zones of 
different microhardness is clearly observed along 
the depth of hardening. On the surface there is 
a zone whose chemical composition corresponds 
to the composition of steel with carbon content 
of 0.63 %. At shock cooling the transformation of 
austenite into needle martensite with dispersity 
of 5-15 microns takes place. The zone of austenite 
transformed in the solid state into trostite-
martensite follows. In the microstructure of these 
layers the presence of a small amount of residual 
austenite is observed, the amount of which varies 
and depends on the depth of the hardened layer.

Next comes a layer of troostite-sorbitol, where 
the microhardness decreases and depends on the 
volumetric content of the presented phases, then 
sorbitol and pearlite appear in the structure.  The 
area of the appearing sorbitol is determined by the 
central areas of the former austenitic grains and is 
characterized by less dispersion of the ferrite and 
cementite components in them as compared to 
troostite and has a lower microhardness [11, 12].

The microhardness in this zone also depends 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. SEM images illustrating (a) the morphology of martensite and (b) XRD pattern of slightly cold sample to strain of 0.1.
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on the volume amount of phases present. Then, 
with deepening inside the sample, ferrite appears 
at the interface of the former austenitic grains 
and its quantity gradually increases. The structure 
smoothly transforms into a ferrite-pearlite 
structure. The total microhardness decreases to 
the initial one (290-295 HV02). The initial structure 
is a mixture of ferrite and pearlite grains with the 
volume fraction of each phase respectively 40-60 
%.

The change in microhardness along the cross-
section of the hardened zone (Fig. 3) shows the 
layered (inhomogeneous) structure after surface 
plasma hardening, which provides the product 
with high mechanical and operational properties. 
In this regard, it is appropriate to note that while 
recently (at the end of the twentieth century) 
the widespread requirement for a homogeneous 
structure seemed reasonable and obvious, at 
present, in many cases the presence of a non-
uniform gradient structure allows the material 
to acquire new, previously unknown, properties. 
In this case, the optimal structure of metal 
from the position of providing the required set 
of mechanical properties (strength, hardness, 
ductility and impact toughness) can be highly 
dispersed martensite, martensitic-troostite and 
troostite-sorbit [13, 14].

We note that the above structural features 
after plasma treatment are explained by ultra-
high heating and cooling rates, unattainable 
with traditional methods of heat treatment. This 
leads to the fact that the structural and phase 
components of steel after plasma treatment 
(austenite, martensite, troostite, sorbitol) are 
characterized by increased dispersion and a 
higher level of internal (phase and structural) 
residual stresses of type 11, as well as pronounced 
chemical microheterogeneity [15-17].

 As noted above, at superfast heating rates, 
phase transformations shift to high temperatures. 
This fact strongly affects the kinetics of emergence 
and growth of new phase beginnings. Therefore, 
it follows that by regulating the amount of input 
energy it is possible to create such conditions of 
(α →γ) transformation, when the only possibility 
of transition of initial phases into austenite is 
the process of phase generation. This opens the 
possibility of obtaining ultra-fine austenite, when 
the grain size will be proportional to the critical size 
under the temperature achieved in the process of 
high-temperature high-speed heating.

 To experimentally verify these statements, 
we carried out special studies to determine the 
chemical composition of the alloy with excitation 
of the spectrum in a spark on a spark spectrometer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Gradient-layered structure of the bandage ridge in the hardened zone.
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SPECTROLABJrSSD of Leica Microsystems. 
The data of chemical analysis on the depth of 
plasma hardening and the non-hardened zone 
presented in Table 2 confirm the chemical micro 
heterogeneity of structural and phase components 

of the analyzed steel.  
It can be seen that the carbon content along the 

depth of the hardened zone varies from 0.002 to 
0.06 % (at). The same micro heterogeneity in the 
depth of the hardened zone has other stable steel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Name of zones by 

depth of hardening 

 

Chemical composition, % (ат.) 

 

 

C Si V Mn Fe W Ti Cr S 

1 2 3 4 5 6 7 8 9 10 

t 2 0,06 0,002 - 0,063 0,855 0,008 - - - 

t 3 0,5 0,002 0 0,06 0,87 0,02 0,0002 - 0,0005 

t 4 0,002 - 0,001 0,065 0,87 0,009 - 0,001 0,002 

t 5 0,05 0,0005 0,001 0,062 0,86 0,018 0,004 - 0,002 

t 6 0,047 0,0035 - 0,072 0,87 - - 0,001 - 

t 7 0,035 0,004 - 0,068 0,89 0,002 0,0026 - - 

t 8 0,02 0,0018 0,0027 0,07 0,88 0,019 - - - 

t 9 0,027 0,0025 0,0023 0,065 0,88 - - - - 

t 10 0,03 0,004 - 0,074 0,86 0,026 - - - 

t 11 0,04 0,004 0,001 0,069 0,88 - 0,003 -  

Basis 0,008 - - 0,059 0,90 - - -  

          - 

 

Table 2. Chemical composition data by depth of plasma hardening and non-hardened zone.

Fig. 3. Microhardness curve along the hardened zone cross section.
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Fig. 4. Structure of the products of austenite decomposition during continuous cooling (a - troostite-
martensite, 630-760, HV02); (b- troostite-sorbitol, 585-615 HV02, c- sorbitol + perlite, 557-427 HV02).
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impurities (Si, Mn, V, etc.).
At heating parameters (t ≈ 5000 0C) and 

cooling rate (Vohl ≈ 30000C/s), typical for plasma 
treatment, processes related to homogenization 
of liquid and solid solutions do not have time to 
complete in the volume of individual grains. It 
promotes creation of nonequilibrium metastable 
structures of high hardness with good resistance 
to wear and microseizure during friction [18, 19].

It should be noted that the process of structure 
formation during hardening after exposure to 
highly concentrated energy flows follows the 
general laws of structure formation described by 
the phase equilibrium diagram of iron-carbon (Fe-
C). The depth of hardened structural zones under 
plasma action depends on the heating parameters 
and is determined by the mechanism and kinetics 
of phase transformations in nonequilibrium states 
[20,21].

The two-phase structure of sorbitol and 
troostite is identified only under an electron 
microscope, since the interlayer distance between 
these structures is at the limit of optical microscope 
resolution (~0.2 µm). Therefore, Fig. 4 shows 
photos of sorbitol and troostite, respectively, taken 
with an electron microscope at a magnification of 
x5000. It is clearly seen that both these structural 
components consist of interlaced plates of ferrite 
and cementite. 

It is important to emphasize that during 
continuous cooling it is not possible to distinguish 
the processes of formation of pure troostite, 
sorbitol or pearlite, as the rate of temperature 
change along the section of the cooled product 
does not remain constant, it is variable and 
changes according to a certain law, depending on 
the thermophysical properties of steel [22, 23]. In 
fact, the transformation processes may overlap 
one another in terms of temperature and time of 
their development. This leads to the formation 
of mixed structures in the form of martensite + 
troostite, troostite + sorbitol or sorbitol + perlite 
(Fig. 4).

According to Fig. 5, we can assume that the 
kinetics and patterns of formation of gradient-
layered structure based on a typical thermokinetic 
diagram of pre-eutectoidal carbon steel (0.59-
0.63%C) is the analogue of the studied steel. The 
solid lines correspond to the decay of austenite 
at continuous cooling (thermokinetic), the 
dotted lines to the decay of austenite at constant 
temperature (isothermal) [24, 25].

It can be seen from Fig. 5 that the thermokinetic 
diagram at temperatures above the martensitic 
point Mn (~260 °C) is characterized by only 
one kinetic maximum, which means that there 
is no intermediate mechanism of austenite 
decomposition (unshaded part of the diagram).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5. The scheme of the diagram of supercooled austenite decomposition of pre-eutectoidal 
(0.60-0.65% C) structural steels. Dashed lines are corresponded to isothermal transformation 
of austenite, solid lines to transformation at continuous cooling (thermokinetic diagram).
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At temperatures above this maximum, the 
decomposition of austenite proceeds by diffusion 
and is characterized by the formation of a ferrite-
carbide mixture of varying degrees of dispersion. 
Depending on the degree of dispersion, the ferrite-
carbide mixture is called pearlite, sorbitol, or 
troostite, or coarse-, medium-, and fine-dispersed 
pearlite, respectively [26-28].

Fig. 5 shows that when austenite is cooled at 
speed V3 (critical hardening speed) and above, 
lamellar martensite is formed. At lower cooling 
rate V2, supercooled austenite transforms into 
troostite-martensite partly by the pearlitic 
(diffusion), partly by the martensitic (non-
diffusion) mechanism. At even lower cooling rates 
V1 the transformation develops by the diffusion 
mechanism with the formation of troostite and 
sorbitol.

At the same time, the thermokinetic diagram 
clearly shows that the intermediate mechanism 
of austenite transformation with the formation of 
bainite structures cannot be realized, because the 
transformation in this case develops either by the 
pearlitic mechanism (cooling rates V1 and below), 
or by the mixed pearlite-martensite mechanism 
(cooling rates between V1 and V2), or by the 
martensitic mechanism (cooling rates V3 and 
above).

Note that both pearlitic and martensitic 
transformations are based on the polymorphic 
transition (γ→α) of the face-centered austenite 
crystal lattice into the volume-centered lattice of 
equilibrated or supersaturated ferrite [29, 30].

A comparison of the kinetics of austenite 
transformation under isothermal conditions 
and during continuous cooling shows that the 
corresponding lines in the thermokinetic diagrams 
are on the right and below the analogous lines 
of the isothermal diagram. This indicates that 
the stability of supercooled austenite under 
continuous cooling is somewhat greater and the 
transformation proceeds at lower temperatures 
than in the case of isothermal decomposition of 
supercooled austenite [31].

In practical terms, this is reflected in the 
interlayer spacing, which is the most important 
mechanical characteristic of structural steels. 
The interlayer spacing is the averaged sum of the 
thicknesses of two neighboring plates of ferrite 
and cementite pearlitic structures. The higher the 
cooling rate, the lower the interlayer spacing and 
the more dispersed the resulting ferrite-carbide 
mixture, the higher the microhardness (hardness) 
of the steel [32].

When analyzing the structural transformations, 
it should be kept in mind that the division of 
ferrite-cementite structures into pearlite, sorbitol, 
or troostite is conditional and there is usually no 
clear boundary between these structures. This 
is explained by the fact that in practice it is not 
possible to distinguish the processes of formation 
of pure troostite, sorbitol or perlite, since the 
rate of temperature change along the section of 
the cooled product in the process of continuous 
cooling does not remain constant. As noted above, 
it is variable and varies according to a certain law 

 

 
Fig. 6. Introducing the effective reduction in thickness and the corresponding martensite fraction.
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that depends on the thermal properties of steel 
[33, 34].

Moreover, unlike pearlite, sorbitol and troostite 
are not equilibrium structures, since in real 
production conditions cooling is usually non-
uniform and this leads to a certain saturation of 
sorbitol and troostite ferrite with carbon, which 
naturally affects the mechanical properties. In 
particular, the mechanical properties of steel 
with pearlite, sorbitol or troostite structures 
are directly proportional to the interface area 
between ferrite and cementite. Therefore, as the 
austenite decomposition temperature decreases 
and the structure is refined (the degree of 
dispersion increases), the ferrite plates become 
somewhat oversaturated with carbon, the strength 
characteristics (strength -σv hardness - HB) 
increase, and the plastic characteristics (relative 
elongation - δ and contraction -ψ) decrease [35].

The microstructures shown in Fig. 2 illustrate 
the superimposition of martensitic transformation 
on pearlitic transformation. Thus, at cooling rate 
V2 in the temperature range ~ 550 °C - 460 °C 
some part of austenite by diffusion mechanism 
turns into troostite, the remaining part below the 
point Mn (~260 °C) turns into martensite without 
diffusion. These and other similar examples show 
that the experimental study of structure formation 
processes during variable rate cooling is a difficult 
task. Depending on a number of factors and, 
primarily, on the cooling rate, the kinetics and 
temperature conditions for the development of a 
particular transformation may vary within certain 
limits.

Therefore, it is not always possible to 
outline temperature boundaries, in which the 
transformation proceeds only by one mechanism 
(perlite-diffusion, intermediate or martensite-no-
diffusion) and clearly distinguish structural zones 
of formation of troostite, sorbitol or pearlite. In 
reality, the processes of supercooled austenite 
transformation can overlap one another in 
temperature and time of their development, 
which leads to the formation of mixed plate-type 
structures [36].

Fig. 6 reveals that after a certain range 
of reduction in thickness, the rate of DIMT 
dramatically drops, which is a typical observation 
for DIMT. The study of thetransformation rate 
isrequired to characterize this fact. The required 
plot is also depicted in Fig. 6. A realistic estimate is to 
consider the reduction in thickness corresponding 

to the 10% of the maximum transformation rate as 
the effective reduction in thickness. It is obvious 
that reff and its corresponding martensite fraction 
(effective martensite fraction) can be considered 
as the reasonable parameters in studies dedicated 
to production of DIM.

CONCLUSION 
In the present study, the mechanism and 

kinetics of structure formation of plasma-
strengthened structural steel change depending 
on the cooling rate and temperature conditions 
for the development of the austenitic-martensitic 
transformation was investigated. The data 
indicated that as the cooling rate increases, the 
austenite transformation, which is based on a 
shear phase transition (α → γ) shifts downward 
on the temperature scale. The higher the cooling 
rate, the more dispersed the resulting ferrite-
carbide mixture, the smaller the plate spacing. 
Therefore, as the degree of dispersion increases, 
the strength characteristics increase and the 
plastic characteristics decrease.

Besides, it was found that the formation of 
gradient-layered structure in the surface layer 
of plasma-strengthened steel allows to exclude 
formation of sharp border of transition from 
martensite structures to troostite-martensite 
and mixed lamellar structures which is the 
concentrator of internal residual stresses. This is 
one of the main factors increasing the contact-
fatigue strength of steel and contributing to its 
crack resistance.
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