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AUTHOR'S INFO ABSTRACT

The paper presents the relationship between the value of the stacking fault energy of Hadfield steel
and the cooling rate of the casting. An scanning electron X-ray spectral electron microanalysis was
used to show that the rate of cooling influences the alloying of austenite with manganese, chro-
mium and silicon. This influence is reflected by the non-monotone change of the stacking fault
energy with the maximum value at cooling rates of 110—240 °C/min. At these values of the cooling
rate, the value of the stacking fault energy exceeds 48 mJ/m?2, resulting in the qualitative change
of the deformation mechanism from twinning (twinning-induced plasticity) to dislocation sliding
(sliding-induced plasticity). The latter mechanism is characterized by the minimum thickness and
abrasive wear resistance of the hardened layer formed on the wearing surface. The alloys cooled
at the rates lower than 60 °C/min and higher than 250 °C/min have the value of the stacking fault
energy lower than 40 mJ/m2. In such alloys, the process of deformation twinning is more intensive,
and the formed hardened layer has a higher value of abrasive wear resistance. The research group
used scanning probe microscopy to investigate the influence of the stacking fault energy on the
geometrical parameters of the deformation twins formed on the surface of Hadfield steel in the
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1. Introduction

The main advantage of Fe—12Mn—1.2C high-manga-
nese austenite steel (Hadfield steel) is its ability for
self-hardening in the process of contact loading,
connected with a combination of shock, abrasive and
shock-abrasive loads or high specific statistic pressures [1].
Such effects are accompanied by deformation of metal lay-
ers on the contact surface and forming the hardened area in
these layers [2]. It was displayed that plasticity induced by
transformation (TRIP), mechanical twinning (TWIP) and
sliding of dislocations (SIP) are the main kinds of deforma-
tion mechanisms for austenite steels [3]. Stacking fault
energy (SFE) of a solid solution is the decisive factor of pos-
sibility of presence of any deformation mechanism [4—6].
The review of technical sources allows to determine
the intervals of stacking fault energy for three deformation
mechanisms. y— e-martensite transformation is possible in
austenite deformation with the values of stacking fault ener-
gylessthan 16—20 mJ/m2. Deformation twinning is execut-
ed if the value of stacking fault energy in inside the interval
19—48 mJ/m2. Replacement of a deformation mechanism
by dislocation sliding occurs at the values of stacking fault
energy above 48 mJ/m2[2, 3, 5—32]. The value of stacking
fault energy itself depends on several factors, and the alloy
chemical composition is the most important among them.
It should be mentioned that the elements presented in the
composition of austenite steels are classified by two kinds
depending on their effect on stacking fault energy: increasing
or decreasing its value [7, 28, 30, 33—35]. Many researches
were devoted to this problem, and the complete review of
them is presented in the work by Arpan Das [36]. It is known
also that deformation temperature has direct effect on the
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value of stacking fault energy, while austenite grain size has
inverse effect on this value [37].

There were several theories about the hardening mecha-
nisms of Hadfield steel, and these theories have been chang-
ing eventually. At first hardening has been connected with
austenite deformation transformation in e-martensite [7].
However, consequent examination of this steel has shown
that deformation in the wide temperature range (—196
—400 °C) doesn’t lead to martensite transformation [38].
Accordingto the modern investigations, it can be concluded
that deformation twinning (TWIP) and dislocation sliding
(SIP) are the main hardening mechanisms of Hadfield steel
[7,39—41]. Itleadsto forming of a hardened layer consisting
of ultrafine-dispersed grains. E.g., Weilin Yanet al. [42] have
displayed in their work that grain size in a hardened layer
decreases down to 11—17 nm after shot blasting treatment.
Consequently, it can be concluded that Hadfield steel with
the values of stacking fault energy above 20 mJ/m?2 can be
considered as austenite steel in a wide temperature range.
This fact has determined its deformation mechanism as
twinning and dislocation sliding [8].

However, in spite of the large amount of already under-
taken investigations, the data about examination of para-
meters of deformation twins are practically absent for the case
when they should depend on the value of stacking fault energy
and should have effect on the properties of a hardened layer.
Itisactual first of all for different real castings, with their coo-
ling rate before and after crystallization can differ by dozens
times. In this case the forming structure will differ asin the size
ofaustenite grains, as well asin its alloying composition, and it
will have effect on the value of stacking fault energy.

The goal of this research is calculation of stacking fault
energy in cast samples made of Hadfield steel and cooled
with different rates. Another goal is determination of geo-
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metric parameters of deformation twins and their effect on
abrasive wear resistance of the alloys at room temperature.

2. Methods of the research

The samples of cast Hadfield steel with the structure
of castings formed at different cooling rates, are the goal
of this investigation. Cooling rate has varied from 1.1 to
25 °C/sinthe interval of crystallization, and from 14.4 to
327.6 °C/sin the interval of extraction of excessive phase.
The chemical composition of the examined steel is pre-
sented in the tab. 1.

Optical microscope Meiji Techno as well as scanning
electron microscope JEPL JSM-6490 LV have been used
for revealing of qualitative parameters of microstructure.
X-ray spectral electron microanalysis has been conduct-
ed using attachment to the scanning microscope INSA
Energy. These investigations have been done in the Center
of collective usage of the Scientific and research institute of
nano-steels at the Magnitogorsk state technical university.

Surface of the samples for scanning probe microscopy
has been prepared on the Buechler probe preparing line,
using in turn abrasives with grain size 9, 6 and 1 pm re-
spectively. All samples have been prepared with the same
conditions: rotation speed 100 min—! and load 12 Ibs.

Examination of geometric parameters of deforma-
tion twins has been conducted at the scanning probe
microscope NanoEducator with resolution 0.3 nm along
the axes X and Y, and with resolution 0.03 nm along the
axis Z. Such analysis allows to examine the surface topog-
raphy with high resolution [43].

The formula proposed by Dai Qi-Xun et al., character-
izing by good convergence between calculated and experi-
mental results, hasbeen used for calculation of stacking fault
energy of solid solution at room temperature (300 K) [44]:

Yoo’ =% = 1.59Ni —1.34Mn + 0.6Mn* —
—1.75Cr +0.01Cr* +15.21Mo —

—5.59Si — 60.69(C +1.2N)"? +

+26.27(C +1.2N)(Cr + Mn + Mo)"? +

+0.61[Ni(Cr 4+ Mn)]"2. (1)

Where y%r — stacking fault energy for pure y-Fe at
room temperature; /[E] — symbol of a chemical element
(content), mass. %.

of varying of stacking fault energy. The presented research
didn’t take into account the input in energy measurement
of some of these parameters, among them — austenite
grain size and testing temperature.

Significant increase of stacking fault energy occurs
as a result of decrease of austenite grain size to less than
30 um [45]. If the average austenite grain size makes 100—
200 um, then energy variation makes appr. 1—2 mJ/m2.
Accordingto the previously conducted investigations [46],
the average grain size varies from 270 to 160 um, in the
case of cooling rate varying in the crystallization interval
1.1-25 °C respectively. Thereby we can neglect by this
component in calculation of stacking fault energy. In this
connection, we take into account in this research cooling
rate of the castings only in the temperature interval of ex-
traction of excessive phase (550—800 °C).

Investigations have been conducted at the room tem-
perature, and its increase in the process of abrasive wear
resistance testing was not more than by 15 °C. According to
the data [37, 47], such temperature increase is rather small
and has not effect on varying of the value of stacking fault
energy, thereby it was not taken into account in calculations.

To calculate stacking fault energy, according to (1)
formula it was necessary to determine austenite chemical
composition as well as stacking fault energy for pure y-Fe
at the room temperature (y%p).

The average content of manganese, chromium and sili-
conin the austenite grain of castings (cooled with different
rates in the interval of extraction of excessive phase) has
been determined via X-ray spectral electron microanalysis.

Variation of concentration of such elements as nickel,
molybdenum and nitrogen was not registered during X-ray
spectral electron microanalysis owing to their low content,
thereby during calculation their concentration was accept-
ed to be equal for all samples, and the value of content was
taken according to the chemical composition (see tab. 1).

It was impossible to determine correctly carbon con-
centration using X-ray spectral electron microanalysis, SO
it has been conducted conditionally, based on the data of
metallographic investigation [48]. i.e. on the amount of
high-carbon excessive phase. That’s why it was accepted
that practically complete carbon is contained in austenite
at high cooling rates (when amount of excessive phase is
less than 3%). Thereby carbon concentration is close to
1.1% (when its general content in the alloy makes 1.2%).

The testing for abrasive wear resistance has been made Table 2. Austenite chemical composition depending on
by friction on non-rigidly fixed abrasive particles, in ac- cooling rate in the interval of excessive phase extraction
cordance with the GOST 23.208-79. Cooling rate of Concentration,%

casting,’C/min | Ni | Mn | Cr Mo Si C N
3. Results of the research 14.4 0.13] 9.3 | 0.7 [ 0.013 | 1 [0.95] 0.02
21 0.13| 95| 0.7 [ 0.013 | 1 |1.00| 0.02

Deformation temperature, austenite grain size and 24 0.13]1 9.8 | 0.8 | 0.013 | 1.2]1.04] 0.02

chemical composition of the solid solution have the effect 60 0.13/10.8| 0.9 | 0.013 | 0.9 |1.05| 0.02
108 0.13]10.3| 0.8 | 0.013 | 0.7 |1.08| 0.02

Table 1. Chemical composition of the examined steel 196 0.13|10.1| 0.8 | 0.013 | 0.8 [1.085| 0.02
C Si Mn S P Cr Ni Al 255 0.13| 9.0 | 0.7 | 0.013 | 0.6 |1.09 | 0.02
1.2 0.9 12.3 [ 0.024 | 0.033 | 0.8 0.12 0.6 327.6 0.13| 82 | 0.8 | 0.013 |0.7| 1.1 | 0.02
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Fig. 2. Microstructure of Hadfield steel, x1000

Atlow cooling rates and rather higher amount of extracted
secondary phase (more than 14%) we accept carbon con-
centration about 1%. The features of carbon concentration
variation is accepted as a degree one (see tab. 2), in accord-
ance to the relationship between amount of excessive phase
and cooling rate [48].

Stacking fault energy at the room temperature is ac-
cepted as 28 mJ/m?2, based on the already published data
[6,7,12,15,19,28-30].

‘When we have inserted the data from the table 2 and the
accepted value in the formula (1), we have received the rela-
tionship between variation of stacking fault energy and cool-
ing rate in the interval of excessive phase extraction (fig. 1).

The obtained wide interval of the values of stacking
fault energy should have essential effect on the parameters
of deformation twins.

‘When the polished samples of high-manganese Hadfield
steel have been subjected to pickling, the lines appeared on
their surface, and these lines can be identified as scratches
by mistake. However, if we enlarge magnification, we can
reveal their morphology distinctly: they consist of a collec-
tion of parallel lines with width from 2 to 14 um, and forming
ofthese lines occur at the stage of final abrasive grinding with
size of particles from 1 to 9 um (fig. 2).

Based on the review of technical literature, we can
suggest that these lines are the boundaries of deforma-
tion twins that appear in the process of local surface

=100
=120

0

Surface structure of Hadfield steel, cooled in the interval
of excessive phase extraction at the rate 21 °C/min:

a — microstructure (optical metallography, x500,
a fragment — scanning probe microscopy

(40x40 um); b — surface profile along the line
marked on the fragment

5 10 15 20 25 30 35 40

Fig. 3.

deformation along the motion route of abrasive parti-
cles. It should be mentioned that amount of these lines
on the polished surface of a casting depends on cooling
rate of the alloy. Minimal amount can be observed for
the samples cooled with rate from 110 to 200 °C/min,
what is a result of varying the alloy stacking fault energy.

In order to determine the effect of the value of stack-
ing fault energy on geometric parameters of deformation
twins, the surfaces of several samples have been examined
via scanning probe microscope. The surface topography
has been captured at preset place via optical microscope
(fig. 3, @), and then the surface profile along the deter-
mined line has been received (fig. 3, b).

After determination of geometric parameters of defor-
mation twins, the relationship between their ledge height
and cooling rate of castings (fig. 4, a) and stacking fault
energy (fig. 4, b) has been built. At the same time, relation
between cooling rate and thickness of twins was not found,
while this thickness is inside the interval 0.9—1.4 pm.

After obtaining the relationship between parameters of
deformation twins and the value of stacking fault energy, it is
necessary to determine their effect on hardening of samples
made of Hadfield steel. To determine the hardening level,
they have examined abrasive wear resistance of the samples
that were subjects for X-ray spectral electron microanalysis
and scanning probe microscopy. The relationship between
the ratio of abrasive wear resistance for cast Hadfield steel
and cooling rate of castings in the temperature interval of
excessive phase extraction (fig. 5, @) and the value of stacking
fault energy (fig. 2, b) has been built on the base of obtained
data.
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Fig. 4. Relationship between ledge height of deformation twin
and cooling rate (a); stacking fault energy (b)

4. Discussion about the results

According to the results obtained in this research it can
be concluded that the alloy cooling rate after crystallization
plays the main role in forming of the alloy properties.

The alloy cooling rate in the interval of excessive
phase extraction has the effect on correlation of alloy-
ing elements between austenite and secondary phase
and, respectively, on the value of stacking fault energy
of the solid solution. Concentration of such carbide-
forming elements as manganese and chromium at
first rises with increase of cooling rate, then achieves
its maximal value at the rate values 110—200 °C/min,
and afterwards decreases. Silicon content enlarges stead-
ily owing to less extraction of excessive phase: dissolution
of the same silicon amount in a large volume of austenite
leads to lowering of its average concentration (see table 2).

Additionally, alloy cooling in the interval of exces-
sive phase extraction with cooling rate 110—240 °C/min
leads to rise of the values of stacking fault energy of the
solid solution above 48 mJ/m?2 (see fig. 1), what reflects in
replacement of the twinning deformation mechanism by
dislocation sliding (TWIP — SIP). The samples cooled
at this rate are characterized by minimal amount of defor-
mation twins. The twins themselves have in this case the
minimal height (see fig. 4, a). It testifies that the twinning
process, when excessing the energy threshold 48 mJ/m2,
is suppressed both as quantitatively (via decrease of general
amount of twins in the structure), as well as qualitatively
(minimal height of ledges). The less value of stacking fault
power at high and low cooling rates provides assistance in
passing of the twinning process. In this case large amount
of deformation twins with increased height of ledges (see
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Fig. 5. Relationship between the ratio of abrasive wear
resistance of cast Hadfield steel and cooling rate
in the interval of excessive phase extraction (a);

stacking fault energy (b)

fig. 4, b) is observed in the structure; it corresponds to the
results obtained in the work [34].

The revealed relationships between stacking fault
power and twins geometry correlate well with the rela-
tionship between the ratio of abrasive wear resistance and
the alloy cooling rate. It is shown that the alloys cooled in
the interval of excessive phase extraction at the rates less
than 60 °C/min and more than 250 °C/min (see fig. 5, a)
are characterized by the most high wear resistance.
It proves practically that deformation twinning in the area
subjected to loads is the main hardening mechanism for
austenite steels (including Hadfield steel).

The alloys cooled at the rates inside the interval 110—
240 °C/min display the lowest abrasive wear resistance.
It is caused by qualitative replacement of deformation
mechanism (TWIP — SIP) when the value of stacking
fault power exceeds 48 mJ/m?2 (see fig. 5, ). Forming of
more fine and less hardened layer is the feature of the STP
mechanism, and in general it leads to lowering of abrasive
wear resistance for a high-manganese steel.

5. Conclusions

Cooling rate of the austenite steel has the effect on
the value of stacking fault energy via alloying properties
of the solid solution. Stacking fault energy, in its turn,
determines deformation mechanism and hardening level
in the area of friction contact or static load.

The relationship between stacking fault energy and
alloy cooling rate is calculated for Hadfield steel in the
temperature interval of excessive phase extraction. It is
shown that the value of stacking fault energy exceeds
48 mJ/m?2 at cooling rates 110—240 °C/min, and it leads
to replacement of TWIP deformation mechanism by SIP.
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Castings made of Hadfield steel with the values of
stacking fault energy less than 40 mJ/m? are characterized
by the highest abrasive wear resistance. In this case maxi-
mal amount of deformation twins with more expressed
geometry is forming in the sreucture.
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REFERENCES

1. Sysoev A. M. Rafinirovanie i modifitsirovanie stali 110G13L
kompleksom titan-bor-kaltsiy (Refining and modification of the
steel 110G13L by the complex titanium-boron-calcium). Vest-
nik MBTU im. G. I. Nosova = Almanac of MGTU named after
G. I. Nosov.2008. Ne 1. pp. 43—45.

2.WenY. H., Peng H. B., Si H. T., Xiong R. L., Raabe D. A novel
high manganese austenitic steel with higher work hardening capac-
ity and much lower impact deformation than Hadfield manganese
steel. Materials and design. 2014. Vol. 55 (March 2014). pp. 798—
804. Doi: 10.1016/j.matdes.2013.09.057.

3. Xiong R. L., Peng H. B., Wang S. L., Si H. T., Wen Y. H. Ef-
fect of stacking fault energy on work hardening behaviors in Fe—
Mn—Si—C high manganese steels by varying silicon and carbon
contents. Materials and design. 2015. Volume 85 (15 November
2015). pp. 707—714. Doi: 10.1016/j.matdes.2015.07.072.

4. Mejia 1., Bedolla-Jacuinde A., Pablo J.R.. Sliding wear behavior
of a high — Mn austenitic twinning induced plasticity (TWIP) steel
microalloyed with Nb. Wear. 2013. Vol. 301. Iss. 1-2 (April—May
2013). pp. 590—597. Doi: 10.1016/j.wear.2013.01.054.

5. Zambrano O. A., Aguilar Y., Valdés J., Rodriguez S. A., Coro-
nado J. J.. Effect of normal load on abrasive wear resistance and
wear micromechanisms in FeMnAIC alloy and other austenitic
steels. Wear. 2016. Vol. 348—349 (15 February 2016). pp. 61—68.
Doi: 10.1016/j.wear.2015.11.019.

6. Park K. T.,Jin K. G., Han S. H., Hwang S. W., Choi K. Y., Lee
C. S. Stacking fault energy and plastic deformation of fully aus-
tenitic high manganese steels: Effect of Al addition. Materials sci-
ence and engineering A. 2010. Vol. 527. Iss. 16—17 (25 June 2010).
pp. 3651-3661. Doi: 10.1016/j.msea.2010.02.058.

7. Abbasi M., Kheirandish S., Kharrazi Y., Hejazi J. The fracture
and plastic deformation of aluminum alloyed Hadfield steels. Ma-
terials science and engineering A. 2009. Vol. 513—514 (15 July
2009). pp. 72—76. Doi: 10.1016/j.msea.2009.02.023.

8. Koyama M., Sawaguchi T., Lee T. K., Lee C. S., Tsuzaki K.
Work hardening associated with e-martensitic transformation, de-
formation twinning and dynamic strain aging in Fe—17Mn—0.6C
and Fe—17Mn—0.8C TWIP steels. Materials science and engineer-
ing A. 2011. Vol. 528. Issue 24 (15 September 2011). pp. 7310—
7316. Doi: 10.1016/j.msea.2011.06.011.

9. Ullrich C., Eckner R., Kriiger L., Martin S., Klemm V., Rafaja D.
Interplay of microstructure defects in austenitic steel with medium sta-
cking fault energy. Materials science and engineering A. 2016. Volume
649 (1 January 2016). pp. 390—399. Doi: 10.1016/j.msea.2015.10.021.

10. Kowalska J., Ratuszek W., Witkowska M., Zielinska-Lipiec
A. Development of microstructure and texture in Fe—26Mn—
3Si—3Al alloy during cold-rolling and annealing. Journal of al-
loys and compounds. 2014. Vol. 615. Suppl. 1 (5 December 2014).
pp. S583—S586. Doi: 10.1016/j.jallcom.2013.12.059.

11. Jiménez J. A., Frommeyer G. Analysis of the microstructure
evolution during tensile testing at room temperature of high-
manganese austenitic steel. Materials characterization. 2010.
Vol. 61. Iss. 2 (February 2010). pp. 221—226. Doi: 10.1016/j.
matchar.2009.11.013.

12. Efstathiou C., Sehitoglu H. Strain hardening and heteroge-
neous deformation during twinning in Hadfield steel. Acta mate-
rialia. 2009. Vol. 58. Issue 5 (March 2010). pp. 1479—1488. Doi:
10.1016/j.actamat.2009.10.054.

13. Curtze S., Kuokkala V.-T. Dependence of tensile deforma-
tion behavior of TWIP steels on stacking fault energy, temperature
and strain rate. Acta materialia. 2010. Vol. 58. Iss. 15 (September
2010). pp. 5129—5141. Doi: 10.1016/j.actamat.2010.05.049.

14. Seol J.-B., Jung J. E., Jang Y. W., Park C. G.. Influence of
carbon content on the microstructure, martensitic transformation
and mechanical properties in austenite/e-martensite dual-phase

Fe—Mn—C steels. Acta materialia. 2013. Vol. 61. Iss.2 (January
2013). pp. 558—578. Doi: 10.1016/j.actamat.2012.09.078.

15. Karaman I., Sehitoglu H., Gall K., Chumlyakov Y. 1., Mai-
er H. J. Deformation of single crystal Hadfield steel by twinning
and slip. Acta materialia. 2000. Vol. 48. Iss. 6 (2 April 2000).
pp. 1345—1359. Doi: 10.1016/S1359-6454(99)00383-3.

16. Dastur Y. N., Leslie W. C. Mechanism of work hardening
in Hadfield manganese steel. Metallurgical and materials trans-
actions A. 1981. Vol. 12. Iss. 5 (May 1981). pp. 749—759. Doi:
10.1007/BF02648339.

17. Chen L., Zhao Y., Qin X. M. Some aspects of high manga-
nese twinning- induced plasticity (TWIP) steel, a review. Acta
metallurgica sinica (English letters). 2013. Vol. 26. Iss. 1 (February
2013). pp. 1-15. Doi: 10.1007/s40195-012-0501-x.

18. Pierce D. T., Jiménez J. A., Bentley J., Raabe D., Oskay C.,
Wittig J. E. The influence of manganese content on the stacking
fault and austenite/s-martensite interfacial energies in Fe—Mn—
(Al-Si) steels investigated by experiment and theory. Acta mate-
rialia. 2014. Vol. 68 (15 April 2014). pp. 238—253. Doi: 10.1016/j.
actamat.2014.01.001.

19. Phiu-on K. Deformation mechanisms and mechanical proper-
ties of hot rolled Fe-Mn-C-(Al)-(Si) austenitic steels. Thesis for
Dr. Eng. degree. Samutprakan, Thailand. 2008. 154 p.

20. Besharatloo H. Thermal treatment effects on high-Mn TWIP
steels. Diploma thesis for degree master in aerospace science and
technology at Universitat Politeécnica de Catalunya. 2014. 69 p.
21. Ferraiuolo A., Smith A., Sevillano J. G., de las Cuevas F., Karj-
alainen P., Pratolongo G., Gouveia H., Mendes Rodrigues M. Me-
tallurgical design of high-strength austenitic Fe-C-Mn steels with
excellent formability (Metaldesign). Luxembourg: Publications Of-
fice of the European Union. 2012. 155 p. Doi: 10.2777/14874.

22. Hamada A. S. Manufacturing, mechanical properties and cor-
rosion behavior of high-Mn TWIP steels. Oulu : Oulu University
press. 2007. 54 p.

23. Bleck W. New Methods in Steel Design. Proceedings of ME-
TEC & 2nd ESTAD, 15 to 19 June 2015, Diisseldorf, Germany.
Diisseldorf. 2015. pp. 1-9.

24. Spindola M. O., Ferreira de Dafé S. S., do Carmo D. J., San-
tos D. B. Microstructural characterization and mechanical be-
havior of a low-carbon 17% Mn steel. Materials research. 2014.
Vol. 17(3). pp. 694—699. Doi: http://dx.doi.org/10.1590/S1516-
14392014005000066.

25. Grassel O., Frommeyer G., Derder C., Hofmann H. Phase
transformations and mechanical properties of Fe—Mn—Si—Al
TRIP-steels. Journal de physique IV. 1997. 07 (C5). pp. C5—383—
C5-388. Doi: 10.1051/jp4:1997560.

26. Medvedeva N. I., Park M. S., Van Aken D. C., Medvede-
va J. E. First-principles study of Mn, Al and C distribution and
their effect on stacking fault energies in fcc Fe. Journal of alloys
and compounds. 2014. Vol. 582 (5 January 2014). pp. 475—482.
Doi: 10.1016/j.jallcom.2013.08.089.

27.Mazancova E., Mazanec K. Stacking fault energy in high manga-
nese alloys. Materials engineering. 2009. Vol. 16. No. 2. pp. 26—31.
28.XiongR. L., PengH.B.,SiH. T., ZhangW. H., Wen Y. H. Thermo-
dynamic calculation of stacking fault energy of the Fe—Mn—Si—C high
manganese steels. Materials science and engineering A. 2014. Vol. 598
(26 March 2014). pp. 376—386. Doi: 10.1016/j.msea.2014.01.046.

29. Karaman I., Sehitoglu H., Chumlyakov Y. I., Maier H. J., Kire-
eva I. V. Extrinsic stacking faults and twinning in Hadfield manganese
steel single crystals. Scripta materialia. 2001. Vol. 44. Iss. 2 (2 Febru-
ary 2001). pp. 337—343. Doi: 10.1016/S1359-6462(00)00600-X.

30. Peng X., Zhu D., Hu Z. M., Yi W. F., Liu H. J., Wang M. J.
Stacking fault energy and tensile deformation behavior of high-
carbon twinning-induced plasticity steels: Effect of Cu addition.
Materials and design. 2013. Vol. 45 (March 2013). pp. 518—523.
Doi: 10.1016/j.matdes.2012.09.014.

31. Kalidindi S. R. Modeling the strain hardening response of low
SFE FCC alloys. International journal of plasticity. 1998. Vol. 14.
Iss. 12 (December 1998). pp. 1265—1277. Doi: 10.1016/S0749-
6419(98)00054-0.

32. Pierce D. T., Jiménez J. A., Bentley J., Raabe D., Wittig J. E.
The influence of stacking fault energy on the microstructural and
strainhardening evolution of Fe—Mn—Al—Si steels during tensile
deformation. Acta materialia. 2015. Vol. 100 (November 2015).
pp. 178—190. Doi: 10.1016/j.actamat.2015.08.030.

33. Bal B., Gumus B., Gerstein G., Canadinc D., Maier H. J. On
the micro-deformation mechanisms active in high-manganese
austenitic steels under impact loading. Materials science and
engineering A. 2015. Vol. 632 (24 April 2015). pp. 29—34. Doi:

39



CIS iron and Steel Review — Vol. 11 (2016), p. 35-40

40

10.1016/j.msea.2015.02.054.

34. Liu S. A., Qian L. H., Meng J. G., Ma P. H., Zhang F. C.
On the more persistently-enhanced strain hardening in carbon-
increased Fe—Mn—C twinning-induced plasticity steel. Materials
science and engineering A. 2015. Vol. 639 (15 July 2015). pp. 425—
430. Doi: 10.1016/j.msea.2015.05.044.

35. Zuidema B. K., Subramanyam D. K., Leslie W. C.. The effect of
aluminum on the work hardening and wear resistance of Hadfield man-
ganese steel. Metallurgical and materials transactions A. 1987. Vol. 18.
Iss. 9 (September 1987). pp. 1629—1639. Doi: 10.1007/BF02646146.
36. Das A. Revisiting stacking fault energy of steels. Metallurgical
and materials transactions A. 2016. Vol. 47. Iss. 2 (February 2016).
pp. 748-768. Doi: 10.1007/s11661-015-3266-9.

37. Saeed-Akbari A., Imlau J., Prahl U., Bleck W. Derivation and
variation in composition-dependent stacking fault energy maps
based on subregular solution model in high-manganese steels. Met-
allurgical and materials transactions A. 2009. Vol. 40. Iss. 13 (De-
cember 2009). pp. 3076-3090. Doi: 10.1007/s11661-009-0050-8.
38.HeL.,JinZ.H.,Lul., TangJ. Modulated structures of Fe—10Mn—
2Cr—1.5C alloy. Materials and design. 2002. Vol. 23. Iss. 8 (Decem-
ber 2002). pp. 717—720. Doi: 10.1016/S0261-3069(02)00072-9.

39. Atabaki M. M., Jafari S., Abdollah-pour H. Abrasive wear behav-
ior of high chromium cast iron and Hadfield steel - A comparison.
Journal of iron and steel research, international. 2012. Vol. 19. Iss. 4
(April 2012). pp. 43—50. Doi: 10.1016/S1006-706X(12)60086-7.
40. Petrov Y. N., Gavriljuk V. G., Berns H., Schmalt F. Sur-
face structure of stainless and Hadfield steel after impact wear.
Wear. 2006. Vol. 260. Iss. 6 (10 March 2006) pp. 687—691. Doi:
10.1016/j.wear.2005.04.009.

41. Gumus B., Bal B., Gerstein G., Canadinc D., Maier H. J.,
Guner F., Elmadagli M. Twinning activities in high-Mn austenitic
steels under high-velocity compressive loading. Materials science

UDC 669-194.2

and engineering A. 2015. Vol. 648 (11 November 2015). pp. 104—
112. Doi: 10.1016/j.msea.2015.09.045.

42.YanW. L., Fang L. A., Zheng Z. G., Sun K., Xu Y. H. Effect of
surface nanocrystallization on abrasive wear properties in Hadfield
steel. Tribology international. 2009. Vol. 42. Iss. 5 (May 2009).
pp. 634—641. Doi: 10.1016/j.triboint.2008.08.012.

43. Roa J. J., Fargas G., Calvo J., Jiménez-Piqué E., Mateo A.
Plastic deformation and damage induced by fatigue in TWIP steels.
Materials science and engineering A. 2015. Vol. 628 (25 March
2015). pp. 410—418. Doi: 10.1016/j.msea.2015.01.043.

44. Qi-Xun D., An-Dong W., Xiao-Nong C., Xin-Min L. Sta-
cking fault energy of cryogenic austenitic steels. Chinese physics.
2002. Vol. 11. Ne 6. pp. 596—600.

45. Gasik M. 1. Metallurgiya vysokomargantsevoy stali (Metallurgy
of high-manganese steel). Kiev : Tekhnika = Technics. 1990. 136 p.
46.Vdovin K. N., Gorlenko D. A., Nikitenko O. A., FeoktistovN. A.
Issledovanie vliyaniya skorosti okhlazhdeniya pri kristallizatsii na
razmer austenitnogo zerna litoy stali 110G13L (Investigation of
the effect of cooling rate during crystallization on size of austenitic
grain of cast steel 110G13L). Mezhdunarodnyi nauchno-issledo-
vatelskiy zhurnal = International scientific-research journal. 2015.
No 10-2 (41). pp. 28—31. Doi: 10.18454/1RJ.2015.41.153.

47. Martin S., Wolf' S., Martin U., Kruger L., Rafaja D. Deformation
mechanisms in austenitic TRIP/TWIP steel as a function of tempera-
ture. Metallurgical and materials transactions A. 2016. Vol. 47. Iss. 1
(January 2016). pp. 49-58. Doi: 10.1007/s11661-014-2684-4.

48. Vdovin K. N., Gorlenko D. A., Feoktistov N. A. Issledovanie vii-
yaniya skorosti okhlazhdeniya v interval vydeleniya izbytochnykh faz na
lituyu mikrostrukturu stali Gadfilda (Investigation of influence of cooling
rate in the interval of extraction of excessive phases on cast microstruc-
ture of Hadfield steel). Proceedings of the XIX International scientific-
practical conference “Metallurgy 2015”. pp. 125—129.

DOI: http://dx.doi.org/10.17580/cisisr.2016.01.07

FEATURES OF THE DISTRIBUTION NON-METALLIC
INCLUSIONS IN THE STRUCTURAL ZONES
OF A24.2 TON INGOT OF 38XH3M®A STEEL

S. B. Gamanyuk!, N. A. Zyuban!, D. V. Rutskii!, L. V. Palatkina!

! Volgograd State Technical University, Volgograd, Russi a

E-mail: gamanuk @mail.ru, tecmat49@vstu.ru, rutskiy79@mail.ru, tecmat @vstu.ru

AUTHOR'S INFO ABSTRACT

S. B. Gamanyuk, Cand. Eng., Associate Pro-
fessor, Department “Technology of materials”
N. A. Zyuban, Dr. Eng., Professor, Head of
Department “Technology of materials”

D. V. Rutskii, Cand. Eng., Associate Profes-
sor, Department “Technology of materials”
L. V. Palatkina, Cand. Eng., Associate Profes-
sor, Department “Technology of materials”

Key words:

non-metallic inclusions, strength and duc-
tile properties, large ingots, solidification,
oxides, sulfides, oxysulfides

The paper reports findings on the distribution of non-metallic inclusions in the structural zones as
well as throughout the mass of a 24.2 ton ingot of 38XH3M®A steel. It is shown that the distribution
of non-metallic inclusions in steel varies throughout the height and cross-section of the ingot. The
amount of sulfide and oxysulfide inclusions exceeds that of oxides. It is discovered that the inclusions
are presented by compound oxides of manganese, silicon, vanadium, chromium and aluminum; be-
sides, there are sulfide and oxysulfide inclusions as well.

The findings prove that there exists a correlation between the contamination index of sulfides and oxy-
sulfides on the one hand, and the ingot height, on the other hand. In the upper part of the ingot, below its
hot top, the distribution of the inclusions and their numbers almost fully coincide due to extended heat
exposure. In the middle and bottom parts of the ingot in the zone of columnar and large randomly oriented
crystals there is a pronounced inverse relation between the distribution of sulfides and oxysulfides.

The investigation of inclusions reveals the major role of oxysulfides in the formation of sulfides which
are generally located at grain boundaries and reduce metal ductility. This is particularly important for
vacuum cast steel since oxygen shortage reduces the amount of oxysulfides and leads to the escape of
sulfides and an undesired form.

1. Introduction

he production of large forgings with a homoge-
nous chemical composition to manufacture
power engineering components is a challenging
task because it is required to ensure uniform properties
evenly distributed throughout the mass of large-size
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parts of high capacity units.

The formation of non-metallic impurities is closely
related to melt solidification, and these relations affect the
formation of grain size and its structure. As a result, a plas-
tic and elastic deformation field is formed, and this field
determines the properties and machinability of the part to
be manufactured.





