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Èññëåäîâàíû ïëàñòè÷åñêèå äåôîðìàöèè, âîçíèêàþùèå â ñòàëüíûõ îáðàçöàõ âñëåäñòâèå ìèêðîñòðóêòóðíûõ òðàíñôîðìàöèé ïðè âîçäåéñòâèè âíåøíèõ íàãðóçîê, óðîâåíü êîòîðûõ ìîæåò íå
äîñòèãàòü ïðåäåëà òåêó÷åñòè ìàòåðèàëà. Ðàññìàòðèâàëèñü òðè ëåãèðîâàííûå ñòàëè – THG200
(ïðîèçâîäèòåëü Óääåõîëüì, Øâåöèÿ), 40Õ13 è 95Õ18 (Ðîññèÿ) – ñ ðàçíûìè ëåãèðóþùèìè ýëåìåíòàìè è ïðîöåíòíûì ñîäåðæàíèåì óãëåðîäà, à òàêæå ïîâåäåíèåì ïðè ìèêðîñòðóêòóðíûõ
òðàíñôîðìàöèÿõ. Ïðè ãåíåðèðîâàíèè èçãèáíûõ íàïðÿæåíèé ïîðÿäêà 100 ÌÏà, íå ïðåâûøàþùèõ 10% ïðåäåëà òåêó÷åñòè ñòàëåé, íàáëþäàåòñÿ âîçíèêíîâåíèå ïëàñòè÷åñêèõ çîí â ñòàëüíûõ îáðàçöàõ, êîòîðûå ïîäâåðãàëèñü ïðåäâàðèòåëüíîìó íàãðåâó äî 900…1050°Ñ è ïîñëåäóþùåìó èçãèáó ïðè çàêàëêå íà âîçäóõå. Ïëàñòè÷åñêèå äåôîðìàöèè âîçíèêàëè ïðè ðåàëèçàöèè
âñåõ ðåæèìîâ îõëàæäåíèÿ, êîòîðûå ñîïðîâîæäàëèñü ìàðòåíñèòíûì ïðåâðàùåíèåì. Ñ ïîìîùüþ
ðåíòãåíîãðàôè÷åñêèõ èññëåäîâàíèé áûëî âûÿâëåíî ðàçíîå âëèÿíèå ðàñòÿãèâàþùèõ è ñæèìàþùèõ èçãèáíûõ íàïðÿæåíèé íà ìèêðîñòðóêòóðíûå èçìåíåíèÿ ïðè ìàðòåíñèòíûõ ïðåâðàùåíèÿõ.

Êëþ÷åâûå ñëîâà: ñòàëü, ìèêðîñòðóêòóðà, ïëàñòè÷íîñòü, òåðìîîáðàáîòêà, èñêàæåíèå,
íàïðÿæåíèå.
Introduction. Phase transformations in metals have a major influence on the material
behavior in common engineering applications. Steels exhibiting the feature of transformationinduced plasticity (TRIP) reveal the important role of martensite formation during heat
treatment processes [1, 2].
At temperatures above the martensite start temperature (M s ), austenite-to-martensite
transformation can occur when the summation of the mechanical energy due to the
externally applied stress exceeds a critical value. This transformation is known as stressassisted nucleation at the same nucleation sites as those responsible for the athermal
martensitic transformation that occurs during cooling [3]. An externally stressed specimen
in the process of a phase transformation may show a significant nonlinear behavior, which
is known as transformation plasticity [4–8]. Even under a small externally applied load
stress in relation to the “normal” yield stress of the weakest phase, plastic deformation
occurs. The start of martensitic transformation depends highly on the holding stress and its
direction: both tension and compression stimulate the process but differently [9, 10].
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The austenite-to-martensite transformation and transformation plasticity as well directly
depends on the carbon level in the steel and it also depends on the yield strength of the
material (initial phase – austenite). The steel with higher carbon content possess more
stable retained austenite comparing to the low carbon steel and this can be due to the
phenomenon that the transformation of this austenite is not obtained immediately [11].
Most alloying elements that enter into solid solution in austenite at high temperatures
lower the martensite start temperature M s during cooling with the exception of cobalt and
aluminum [12]. It is also evident that the strong carbide forming elements like chromium,
vanadium, titanium and molybdenum have an impact on martensitic transformation start
temperature and on transformation plasticity as well [13, 14]. Thus the different steel grade
can exhibit different character of transformation plasticity behavior.
The main aim of the work was to reveal the different influence of compression and
tension stresses on the transformation plasticity and phase composition of steel with various
chemical compositions during quenching as recent scientific articles do not show a
unanimous opinion [9, 15]. Because of severe service conditions (high temperature, stress,
corrosion, irradiation, etc.), alloy steels for the various utility industries must be sufficiently
resistant to microstructural degradation. Processes acting inside the steel part during
exploitation such as transformation of retained austenite, formation and growth of various
carbides can cause the loss of parameters stability, especially when external stresses occur.
Therefore, the stability of the microstructure is one of the fundamental requirements
concerning the industrial applicability of alloy steels [16]. The microstructural stability of
martensitic alloyed steels is achieved by heat treatment consisting of austenitizing, hardening
(sometimes to cryogenic temperatures) and high-temperature tempering.
1. Experimental Details. The steel used for the investigation was THG2000 steel
(Uddeholm, Sweden) containing chromium, molybdenum and vanadium. The mentioned
steel has a wide range of applications in indexable drills, milling cutters and transmission
parts for automobiles due to its high resistance to abrasion at both low and high
temperatures and resistance to thermal fatigue as well. For the investigation of influence of
content of carbon and alloying elements steels 40Kh13 and 95Kh18 (GOST 5632-72) were
chosen for experiments for having effective comparison. Chemical composition of steel is
presented in Table 1.
T a b l e 1
Chemical Composition of Steels (%)
Steel grade

C

Si

Mn

Cr

Ni

Mo

V

Fe

THG2000

0.39

1.00

0.40

5.30

0.15

1.30

0.90

Bal.

40Kh13

0.35

0.35

0.40

13.02

0.30

–

–

Bal.

95Kh18

0.97

0.60

0.59

17.64

0.39

0.10

–

Bal.

The specimens with rectangular cross-section were made with the dimensions
6´ 8´100 mm from hot rolled rod Æ11.2–14.0 mm. The specimens of steel THG were
austenized in a protective environment (N2 + CO + CO2) at 900, 940, 980, and 1020°C for
air quenching. The same heating was provided for steels 40Kh13 and 95Kh18 just at
1050°C temperature. The specimens were hardened choosing the different quenching
temperature that allowed getting different solubility of carbides and thus the different
composition of the solid solution of steel.
For the investigation of transformation plasticity, the austenized specimen was placed
at the special bending device [17] and air cooled. At the set temperature the specimen is
loaded in bending load generated bending stress of 100 MPa and not exceeded 15% of steel
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yield strength R p 0. 2 at the certain temperature – yield strength of THG2000 is R p 0. 2 =
= 730 MPa at T = 550°C [18]. The martensitic start temperature of the steel depends on
austenitizing temperature and for steel with the similar chemical composition is 270–370°C
[19], so, the mentioned temperature 550°C was very approximate start of bending and it
ensured that the martensitic transformation would start later and the very beginning of
bending would be registered. The plastic deflection of specimen was measured in accuracy
of 0.01 mm until the temperature of specimen reached room temperature.
It was also investigated the microstructure of the samples by monitoring with optical
microscope Nikon with objective Nikon T.U. Plan Fluor 100´/0.90 and video camera
Nikon DS-R:2 16 MP. Following thermal or thermal-mechanical treatment, the samples for
optical analysis were ground, polished, and etched in 3% Nital solution.
The temperature of specimen during heat treatment was measured by welded chromelalumel thermocouple of 0.3 mm wire diameter.
The XRD analysis were performed on the D8 Advance diffractometer (Bruker AXS,
Karlsruhe, Germany) operating at the tube voltage of 40 kV and tube current of 40 mA.
The X-ray beam was filtered with Ni 0.02 mm filter to select the CuK a wavelength (l =
= 1.5406 Å). Diffraction patterns were recorded in a Bragg–Brentano geometry using a fast
counting detector Bruker LynxEye based on silicon strip technology. The specimens of
metal and electrochemically extracted carbides were scanned over the range 2q = 25–90°
and 2q = 3–100°, respectively, at a scanning speed of 6°/min using a coupled two
theta/theta scan type.
The XRD analysis allowed identify the type of phases, i.e., content of retained
austenite at the compressed and stretched surfaces of specimen.
2. Results and Discussion.
2.1. Investigation of Transformation Plasticity of Steel during Air Quenching from
Different Austenitizing Temperatures. The annealed microstructure of alloyed steel is
composed of a solid solution (mainly ferrite) and different quantities of small disperse
carbides of alloyed elements (Fig. 1). Amount of carbides depends on the ratio between
carbon and alloying elements. Since steel 95Kh18 has the biggest content of carbon and
alloying elements, thus the carbides are clearly visible and the largest ones (max 7–9 mm)
comparing with microstructure of the other steels (Fig 1c). However, because of influence
of vanadium, microstructure of steel THG2000 shows large amount of disperse carbides
that look like black areas (Fig. 1a). Increasing austenitizing temperature, more and more
carbides dissolves in solid solution enriching it with carbon, chromium and molybdenum.
Different chemical composition of austenite will give a response showing multiform
plasticity during martensitic transformation. Distantly visible primary grain boundaries can
be seen as well.
During air quenching of specimens of steel THG2000 after heating at austenitizing
temperature the martensite transformation did not start immediately. Since bending stress is
less than yield point of austenite, just elastic deflection of a hot specimen can be
determined. Increasing temperature of austenitizing allowed solid solution to become more
satiated with alloying elements (Cr, Mo), thus obtaining different Ms temperature and
different value of plasticity occurred during martensitic transformation (Fig. 2). The
martensitic transformation started (label 1 in Fig. 2) at about 370°C for lower austenitizing
temperature (900–940°C) and finished at approximately 310°C for higher heating
temperatures (980–1020°C) as austenite became enriched with carbon and alloying elements
after dissolution of small carbides at high temperature. Figure 2 definitely shows that the
mechanical strength of steel drops dramatically during martensitic transformation.
The total plastic deflection obtained after martensitic transformation had stopped fully
and the specimen cooled down was the biggest for the lowest austenitizing temperature
(Fig. 2).
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a

b

c
Fig. 1. Microstructure of steel THG2000 (a), 40Kh13 (b), and 95Kh18 (c) at annealed state.

Fig. 2. Plastic behavior of steel THG2000 specimens during air quenching from different austenitizing
temperatures. Labels at peaks: 1 – martensitic transformation start; 2 – martensitic transformation
finish.

The different amount of total plastic deflection after air quenching from different
austenitizing temperatures showed the influence of different alloying degree of steel solid
solution. The higher austenitizing temperatures were applied to steel specimens, the less the
plastic deflections were obtained. Not only alloying of solid solution had influence on
plastic deflection but also the content of retained austenite as increasing the temperature of
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heating raised its amount. Retained austenite remaining from heating till room temperature
did not undergo any transformation thus decreased the plasticity of steel specimen during
transformation.
Optical analysis of steel THG2000 showed the heterogeneous phase composition of
steel composed of laths of martensite, hardly visible small carbides and retained austenite
(Fig. 3).

Fig. 3. Microstructure of steel THG2000 at air quenched state. austenitizing temperature 1020°C.

Content of retained austenite was determined by X-ray analysis recording data from
both deformed surfaces of specimen – stretched and compressed (Fig. 4). Analyzing the
results of retained austenite obtained after cooling from different temperature it was
identified that stretched surface of specimen had less content of retained austenite
compared to the compressed one (Fig. 5). This is in a good agreement with other scientific
works [9, 10] proving that tension stimulates martensitic transformation more than
compression.

a

b
Fig. 4. Determination of retained austenite at the surface of steel THG2000 specimen after air
quenching from 940°C temperature: a – compressed surface, b – stretched surface.
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Fig. 5. Content of retained austenite at deformed surface of steel THG2000 specimen after air
quenching.

2.2. Investigation of Chemical Composition Impact on Steel Transformation
Plasticity Occurred during Air Quenching. Less plasticity was obtained for THG2000
steel when compared with steels containing different chemical composition: 40Kh13 and
95Kh18 (GOST) that varied in carbon and chromium content (Fig. 6). This could be
explained by the presence of vanadium content in THG2000 steel. As vanadium is strong
carbide former (stronger than chromium [14]) the carbides remain stable up to very high
heating temperatures almost melting ones. These carbides block plastic deformation during
transformation of steel.

Fig. 6. Influence of chemical composition on plastic behavior of alloyed steel during air quenching.

For better understanding of plastic behavior of steel during martensitic transformation
it is necessary to know the phase composition of each steel grade and their critical
temperatures. Such data is presented in Table 2.
Further investigations showed [10, 13, 17], that transformation plasticity is very
affected by amount of carbon in steel: the higher content of carbon was, the higher
transformation plasticity was obtained. So, the data from Table 2 shows that during heating
at austenitizing temperature all steels contained not dissolved carbides. However, the
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difference is that primary carbides such as vanadium-rich MC carbides, molybdenum-rich
M6C carbides and chromium-rich M7C3 carbides remain in steel THG2000 at 1020°C
temperature [20], whereas 1050°C temperature is sufficiently high for dissolution of the
biggest part of carbides in steels 40Kh13 and 95Kh18 [14]. That is, solid solution of steel
THG2000 at 1020°C had less carbon and alloying elements compared to 40Kh13 and
95Kh18. The steel specimens with smaller plastic deflection (Fig. 6) also contained retained
austenite that did not transform during air quenching. As the transformation plasticity is
related with transforming of austenite to martensite, less volume of formed martensite
presented lower transformation plasticity.
T a b l e 2
Phase Composition and Critical Temperatures of Steel [19–23]
Steel
grade

Austenitizing
temperature
T , °C

Phase composition
at austenitizing

Ac1 ,
°C

Ac 3 ,
°C

Ms ,
°C

Phase composition
after air quenching
(XRD results and
literature sources)

THG2000

1020

Austenite + primary
carbides

840

870

270–
300

Martensite +
~8–9% retained
austenite + primary
carbides

40Kh13

1050

Austenite + few
carbides

820

860–
880

145–
270

Martensite +
few carbides +
~3–4% retained
austenite

95Kh18

1050

Austenite + few
carbides

830

925–
1100

~ 260

Martensite
(with 11% Cr and
0.25% C) +
~10–19% retained
austenite + few
carbides

Conclusions. Analyzing the results of experiments and sources of scientific literature,
such conclusions were made:
1. Martensitic transformation plasticity occurs in each grade of steel and can be
observable as plastic deflection of specimen for all martensitic transformation process.
Transformation plasticity of steel THG2000 increased from 25 to 35% when austenitizing
temperature decreased from 1020 to 900°C. The difference in plasticity is related with
dissolution of carbon and alloying elements in solid solution at higher temperatures.
Content of retained austenite also had an impact on total plastic deflection of specimen.
2. Chemical composition of steel had influence on transformation plasticity of steel.
The steel with solid solution saturated with the biggest content of dissolved carbon and
alloying elements presented the highest transformation plasticity. Total plastic deflection of
specimens of steels 40Kh13 and 95Kh18 overtook the bending of steel THG2000
specimens almost 20% as this steel contained hard soluble primary carbides of vanadium
and molybdenum decreasing the saturation of solid solution with carbon.
3. During bending two types of stresses act. XRD analysis showed that stretched
surfaces of specimens contained more retained austenite compared to the compressed ones
at all austenitizing temperatures. The difference obtained was approximately 2–4%.
Agreeably with the further investigations and data from literature sources the assumption of
higher compression stimulation of martensitic transformation can be made.
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Ðåçþìå
Äîñë³äæåíî ïëàñòè÷í³ äåôîðìàö³¿, ùî âèíèêàþòü ó ñòàëüíèõ çðàçêàõ âíàñë³äîê
ì³êðîñòðóêòóðíèõ òðàíñôîðìàö³é ïðè ä³¿ çîâí³øí³õ íàâàíòàæåíü, ð³âåíü ÿêèõ ìîæå
íå äîñÿãàòè ãðàíèö³ ïëèííîñò³ ìàòåð³àëó. Ðîçãëÿäàëèñÿ òðè ëåãîâàí³ ñòàë³ – ÒHG200
(âèðîáíèê Óääåõîëüì, Øâåö³ÿ), 40Õ13 òà 95Õ18 (Ðîñ³ÿ) – ç ð³çíèìè ëåãîâàíèìè åëåìåíòàìè ³ ïðîöåíòíèì âì³ñòîì âóãëåöþ òà ïîâåä³íêîþ ïðè ì³êðîñòðóêòóðíèõ òðàíñôîðìàö³ÿõ. Ïðè ãåíåðóâàíí³ çãèíàëüíèõ íàïðóæåíü ïîðÿäêó 100 ÌÏà, ùî íå ïåðåâèùóº 10% ãðàíèö³ ïëèííîñò³ ñòàëåé, ìàº ì³ñöå âèíèêíåííÿ ïëàñòè÷íèõ çîí ó
ñòàëüíèõ çðàçêàõ, ÿê³ ï³ääàâàëè ïîïåðåäíüîìó íàãð³âàííþ äî 900…1050°Ñ ³ íàñòóïíîìó çãèíó ïðè çàãàðòóâàíí³ íà ïîâ³òð³. Ïëàñòè÷í³ äåôîðìàö³¿ âèíèêàëè çà ðåàë³çàö³¿
âñ³õ ðåæèì³â îõîëîäæåííÿ, ÿê³ ñóïðîâîäæóâàëèñÿ ìàðòåíñèòíèì ïåðåòâîðåííÿì. Çà
äîïîìîãîþ ðåíòãåíîãðàô³÷íèõ äîñë³äæåíü âèÿâëåíî ð³çíèé âïëèâ ðîçòÿæíèõ ³ ñòèñêàëüíèõ çãèííèõ íàïðóæåíü íà ì³êðîñòðóêòóðí³ çì³íè ïðè ìàðòåíñèòíèõ ïåðåòâîðåííÿõ.
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