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The paper presents examination of the effect of complex alloying of high-man-
ganese austenite steel by Ti—Ca—N alloying composition (1-3%) in cast state
and after quenching. The regularities of variation of grain size and austenite
micro-hardness, amount of carbide phase, hardness, abrasive and impact-
abrasive wear resistance are determined depending on amount of introducing
alloying composition and alloy cooling rate in the crystallization temperature
range. It is shown that introduction of 1-2% of alloying composition in the al-
loy is the most rational option; at the same time abrasive and impact-abrasive
wear resistance of the alloy increases. Based on this study, it is recommended
to use this alloying complex for the components made of high-manganese steel
that are working in complicated conditions including combination of high
contact and impact loads.

Introduction

High-manganese steel is used for manufacture of details
operating in the conditions of abrasive and impact-abrasive
wear resistance. Some products made of this steel are sub-
jected to effect of only contact loads, while other are oper-
ated only under impact loads. To reach high level of abrasive
resistance, the alloy microstructure should include hard
wear-resistant phase (e.g. martensite). However, such struc-
ture is not suitable for impact load resistance owing to its
excessive brittleness. In this connection, those products that
are operated in complicated conditions characterized both

© VpoviN K. N., GorLENKO D. A., FEokTisTov N. A., DuBroviN V. K., 2017

by abrasive and impact wear, require the unique complex of
properties. In its turn, it can be obtained in complex micro-

alloying of high-manganese austenite steel.

A row of works [1—12] are devoted to the problems of rise
of abrasive wear resistance of austenite steel. They elucidate
the experience of melting, alloying and modifying of high-
manganese steel. It is noted that definite concentrations of
titanium, calcium and nitrogen increases resistance of aus-

tenite steels in different kinds of wear.

Cooling rate of castings during crystallization and influ-
ence of heat treatment are other important factors in manu-

facture of details made of high-manganese steel [13, 14].
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Fig. 1. Dependence of austenite grain size on cooling rate of the alloy during crystallization and alloying degree:

a — in cast state; b — after quenching

In view of this, it seems to be interesting to study the ef-
fect of complex micro-alloying by Ti—Ca—N alloying com-
position on microstructure, mechanical and operating prop-
erties of castings made of high-manganese steel that has been
cooled with different rates in cast and heat treated states.

Technique of the experiment

Experimental alloys for study of structure and proper-
ties have been molten in the induction furnace IST-006
with basic lining. Heating of the samples for heat treatment
(water quenching from the temperature 1100 °C) has been
conducted in the electric furnace with oxidizing atmosphere.

Micro-alloying of Hadfield steel has been undertaken by
Ti—Ca—N complex with chemical composition presented
in the tab. 1.

Investigations have been conducted on standard samples
with size 35x35x10 mm. To realize different cooling rates,
the alloy has been cast in the moulds with different heat ac-
cumulating capacity: dry sand-clay mould, wet sand-clay
mould, chill mould. Variations of metal temperature have
been measured using formed tungsten-rhenium thermo-
couple and the results have been recorded on analog-digital
converter with frequency 50 Hz.

Chemical composition of the samples has been deter-
mined on SPECTRO optical-emission spectrometer (MAXx
model).

Table 1. Chemical composition of Ti-Ca—N complex
Element Ca Ti C Si P S Al | N
Mass part, % | 10.0 | 32.5|0.34 | 18.7 [ 0.02|0.02|1.9| 9.6

Table 2. Chemical composition of experimental samples

Amount Content of chemical elements, %
of alloying
NeNe CO?OF;:S" c | si|M | s P Ti
% (mass)
1 0 1.15(1.05|11.6| 0.03 | 0.04 | 0.0
2 1 0.91]1.00 | 11.5 | 0.017 | 0.057 | 0.48
3 2 0.98 095 | 11.8 | 0.03 | 0.05 | 0.081
4 3 0.97]11.01 | 11.9 | 0.017 | 0.05 | 0.085

Qualitative and quantitative analysis of microstructure
have been conducted on optical microscope Meiji (Ticsomet
Standard Pro program) and on scanning electronic microscope
JEOL JSM-6490 LV. X-ray microanalysis has been executed
using attachment to scanning microscope INCA Energy. To
analyze microstructure, microslices have been prepared via the
standard technique by pressing-in the samples in Transoptic
resin at automatic press Simplimet 1000 in the sample preparing
line of Buechler company. To reveal microstructure, surface of
microslices has been subjected to pickling in the mixture of con-
centrated nitric and hydrochloric acids (HNO,; — 65%, HCl —
35%) via dipping of polished surface in the bath with chemical
reagent (these researches have been conducted the Center of
collective usage of Scientific-research institute of nanosteels at
Nosov Magnitogorsk State Technical University).

Microhardness hasbeen determined by the hardness meter
Buchler Micromet in correspondence with GOST 9450-60
by indentation of a diamond pyramid with angle between the
opposite planes 136° at load 50 g and loading duration 10 s.
Hardness has been detected using the hardness meter EmcoTest
M4C 075 G3 in correspondence with GOST 9013-59.

Wear resistance of the alloys has been investigated in corre-
spondence with GOST 22.207-79 and GOST 23.208-79. The
wear resistance coefficient has been calculated as the average
value of the coefficients obtained after testing of at least three
experimental samples poured in a mould from one melt.

Results of investigation

4 types of pilot melts in cast and heat treated states have
been obtained after the series of experiments; their chemical
composition is presented in the tab. 2.

The alloy No. 1 is basic one, without complex microalloy-
ing, while the alloys No. 2—4 contain alloying composition in
the amount 1% (mass.), 2% (mass.) and 3% (mass.) respec-
tively. Usage of three types of moulds allowed to obtain differ-
ent cooling rates for castings: 4.5 °C/s, 8.9 °C/s and 25 °C/s.

Microstructure of all samples is presented by austenite,
its grain size depends on cooling rate and on microalloying
degree of the alloy (fig. 1, @). At the same time the features of
variation of austenite grain size in quenched state has direct
heredity and corresponds to cast state (fig. 1, b).
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Fig. 2. Microstructure and results of X-ray microanalysis of three kinds of the carbide phase:
a — titanium carbide; b — phosphide eutectics; ¢ — alloyed cementite
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Fig. 3. Microstructure of the carbide phase in the alloys cooled during crystallization with the rate 4.5 °C/s:
a — the basic alloy; b — the alloy alloyed by Ti—Ca—N alloying composition in the amount 2 %

The presented graphs display that complex alloying
leads to increase of austenite grain size in comparison with
the basic alloy, where increase of cooling rate (from 4.5 to
25 °C/s) leads to monotonous decrease of grain size (from
200 to 130 pum).

In alloying alloys this decrease of grain size occurs at
cooling rates during recrystallization in the range from 4.5 to
9 °C/s. In this case austenite grain size for all alloyed samples
decreases by 100 pm. Additional increase of cooling rate up
to 25 °C/s leads to harsh increase of austenite grains in cast
structure of complex-alloyed high-manganese steel: from
196, 213 and 234 um to 435, 526 and 639 um respectively
for the alloys alloyed by Ti—Ca—N alloying composition in
the amount 1% (mass.), 2% (mass.) and 3% (mass.). After
quenching the authors observed increase of austenite grain
size in the structure of basic alloy by 30—50 um and absence
of this appearance in alloyed high-manganese alloys.

In addition to austenite, the carbide phase of three types
is presented in the structure of all alloys along the boundaries

and inside grains. The first type is titanium carbide (fig. 2,
a), the second — phosphide eutectics (fig. 2, b) and the third
— cementite alloyed by manganese (fig. 2, ¢). Its amount
and morphology depend on alloy cooling rate during crystal-
lization and alloy alloying degree both in cast and quenched
states. Complex alloying changes cardinally the morphol-
ogy of carbide phase. In alloyed alloys the carbide phase is
extracted as separate inclusions trying to reach round forms
(fig. 3, b) in comparison with the basic alloy (fig. 3, @) where
the carbide phase is extracted as solid carbide net along the
boundaries of austenite grains.

Taking into account the chemical composition and dif-
ferent resistance to pickling agent, the carbide phase has been
conditionally separated by two kinds. The first kind is pre-
sented by titanium carbides, the second — by carbides alloyed
by manganese (phosphide eutectics and cementite alloyed by
manganese). It also allowed to determine quantitative param-
eters of total carbide phase as well as its separate kinds in cast
and quenched states (fig. 4).

19



CIS Iron and Steel Review — Vol. 13 (2017), pp. 17-23

20

0, % (mass.)= == 1, % (mass.) 0, % (mass.) = = 1, 9% (mass.) 0, % (mass.)= = 1, % (mass.)
- = 2,% (mass.)===== 3, % (mass.) = = 2,% (mass) ===== 3, % (mass.) - = 2,% (mass.)===== 3, % (mass.)
4,5 4,5 1 -
S cmm===""
x © Scecace===" - -
B 3 i - ——-— -
N = \ o - [
o \ S S 0,5 [——
315 - 2 15 g
E S S £ | e e e 5
0 i i i i 0 T T T T 0 y y y y
4 9 14 19 24 4 9 14 19 24 4 9 14 19 24
Cooling rate, °C/s Cooling rate, °C/s Cooling rate, °C/s
a c
0, % (mass.) = == 1, % (mass.) 0, % (mass.)== == 1, % (mass.) 0, % (mass.) == «= 1, % (mass.)
= = 2 % (mass.) me=== 3, % (mass.) - = 2, % (mass.)===e= 3, % (mass.) - = 2 % (mass.) m=eee= 3, % (mass.)
4,5 4,5 1
x 3 x 3 <
€ /\ € /—\ PR )Y S E—— L L
> =3 c ’ -
o 15 Q2 15 = L4 L
£ - = o - £ & —— ] =" N
< :..-_—-5-‘.-:‘.-"“-:. < —_— - [ — <E( [ - ..
0 : ; ; : 0 [Pl
T T T 0
4 9 14 19 24
. 4 9 14 19 24 4 9 14 19 24
Cooling rate, °C/s Cooling rate, °C/s Cooling rate, °C/s
d f

Fig. 4. Dependence of total amount of the carbide phase (a, d), amount of carbides alloyed by manganese (b, ¢) and amount
of titanium carbides (c, f) on cooling rate during crystallization and alloy alloying degree:

a, b, c — in cast state; d, e, f— after quenching

0, % (Mass.) == «= «1,% (Mass.)
& - = 2 % (Mass.)=====e 3, % (mass.)
= 4000
& N
g 3500 +—S
e \
«

2 3000 —
[€] \ -
5 S Sso
=2 o\ - .
£ 2500 N -
o N T em e ee-e- -
£ 2000 - - ==
2
2 1500 : : :

4 9 14 19 24

Cooling rate, °C/s

0, % (mass) = = =1, 9% (Mmass.)

- = 2 % (Mass.) =====e 3, % (mass.)
4000

3500

3000

2500 a‘\.
2000 -

Austenite microhardness, MPa
L~

1500

Cooling rate, °C/s

a

b

Fig. 5. Dependence of austenite microhardness on cooling rate during crystallization and alloying degree:

a — in cast state; b — after quenching

Alloying of austenite steel by Ti—Ca—N alloying
composition independently to its amount leads to harsh
lowering of total amount of the carbide phase in the al-
loyed alloy in comparison with the basic alloy. Increase
of cooling rate during crystallization from 4.5 to 25 °C/s
has the effect on total amount of the carbide phase only
for non-alloyed alloy, where amount of carbides alloyed
by manganese decreases in monotonous mode from 4.2%
to 2.1%.

Total amount of the carbide phase in alloyed alloys is
in the range 1.3—1.5% independently on alloying rate and
degree of the alloy (see fig. 4, a). It occurs owing to decrease
of amount of carbides alloyed by manganese (see fig. 4, b)

and simultaneous increase of amount of titanium carbides
by not more than 0.15% (see fig, 4, ¢).

Heating of the alloy to the temperature 1100 °C and
holding at this temperature lead to dissolution of the car-
bide phase, while harsh cooling does not allow to realize the
process of backward separation. Thereby total amount of the
carbide phase (containing only carbides alloyed by manga-
nese) in the basic alloy decreases by 0.4—2.4% depending on
cooling rate of the alloy during crystallization. Total amount
of the carbide phase in the alloyed alloys decreases from
1.3—1.5% to 0.3—1.2% depending on alloying degree and
cooling rate of the alloy during crystallization (see fig. 4, d).
At the same time amount of carbides alloyed by manganese
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Fig. 6. Dependence of hardness of examined steel on cooling rate during crystallization and alloying degree:

a — in cast state; b — after quenching

decreases by 0.15—0.6% (see fig. 4, €), while amount of tita-
nium carbide lowers by approximately 0.25% (see fig. 4, f).
Variation of amount of the carbide phase depending on
cooling rate during crystallization, as well as variation of alloy-
ing degree of the alloy in cast state and dissolution of the carbide
phase during heat treatment changes chemical composition of
austenite, what is reflected on its microhardness (fig. 5).
Austenite microhardness of the basic alloy smoothly in-
creases from 3030 to 3150 M Pa in cast state with rise of cool-
ing rate during crystallization of this alloy. Alloying by large
amount of Ti—Ca—N alloying composition (more than 2%)
leads to apparent growth of austenite microhardness only
at low cooling rate during crystallization (4.5 °C/s). Rise of
cooling rate during crystallization leads to decrease of aus-
tenite microhardness in average from 3000 to 2100 MPa,
depending on alloying that has the effect on intensity of
this decrease (see fig. 5, a). After heat treatment of castings,
austenite microhardness decreases only in the basic alloy by
300—400 MPa in comparison with cast state. As for alloyed
alloys, austenite microhardness does not vary after quench-
ing and leaves on the level 2000 MPa (see fig. 5, b).
Austenite microhardness and total amount of the carbide
phase in the structure of high-manganese steel determine the
alloy hardness in general. Complex alloying of the austenite alloy
leads to rise of its hardness in cast and quenched states (fig. 6).
However, the difference in hardness between the basic
and alloyed alloys depends on cooling rate of the alloy during
crystallization. Ifthis rate increases from 4.5 to 25 °C/s in cast
state, the difference makes from 3 to 1 HRB units respectively
(see fig. 6, a). The quenched samples that have been cooled
during crystallization with high rates have the same hardness
independently on the fact and degree of alloying (see fig. 6, b).
All above-presented qualitative and quantitative param-
eters of microstructure have effect on the main operating
properties of the high-manganese steel, such as abrasive and
impact-abrasive wear resistance (fig. 7).
Introduction of Ti—Ca—N alloying composition in the
alloy leads to harsh rise of its abrasive wear resistance by 1.4
times in comparison with the basic alloy (see fig. 7, a). After

quenching this difference is not so significant as in cast state
(6—11%), but the coefficient of abrasive resistance of all al-
loyed steels is in the range 1.6—1.8 units (see fig. 7, b).

Dependence between impact-abrasive wear resistance of
austenite steel and its alloying degree has more complicated
mode in comparison with abrasive wear resistance. Increase
of alloying degree at small cooling rates of castings decreases
the coefficient of wear resistance of castings from 1.4 to 1.0
units in the temperature interval of crystallization (4.5 °C/s).
If cooling rate during crystallization makes about 9 °C/s, the
coefficient of impact-abrasive wear resistance of all alloyed
(from 1 to 3%) castings is equal to one unit, what is smaller by
25% in comparison with castings having basic composition.
Additional increase of cooling rate during crystallization in the
basic alloy and in the alloy with 1.0% of alloying composition
finalizes in lowering of impact-abrasive wear resistance. At the
same time the alloys with 2 and 3% of alloying composition
are characterized by increase of this wear resistance if cooling
rates of castings during crystallization are equal (see fig. 7, ¢).

Essential increase of the coefficient of impact-abrasive wear
resistance up to 1.5—1.8 units of the alloys alloyed by alloying
composition in the amount 1% and 2% occurs after heat treat-
ment depending on cooling rate during crystallization. Rise of
the coefficient o wear resistance from 1.0 to 1.6 units takes place
in the alloy alloyed by alloying composition in the amount 3%
on the condition that cooling rate during crystallization is equal
to 4.5 °C/s. Increase of cooling rate leads to gradual decrease of
the difference between impact-abrasive wear resistance in cast
and quenched states for the alloys with maximum alloying (3%).
The coefficient of impact-abrasive wear resistance of the basic
alloy leaves on the level of cast state in the whole range of cooling
rates during crystallization (see fig. 7, d).

Discussion of the results

Introduction of Ti—Ca—N alloying composition in
chemical composition of the high-manganese austenite steel
leads to variation of its microstructure, mechanical and op-
erating properties.
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Titanium has large sensitivity to carbon than manganese
and iron, and reacts with them. As a result of this reaction,
dispersed carbides are forming [15]; they extract mainly in
the center of austenite grains. At the same time decrease of the
amount of phosphide eutectics, extracting during steel crys-
tallization [16] is observed. In its turn, this eutectics impedes
increase of austenite grains. Thereby alloying of the high-man-
ganese steel by Ti—Ca—N alloying composition increased the
tendency to growth of austenite grains. This effect strength-
ens with increase of the amount of alloying composition and

cooling rate of the alloy during crystallization. At the same
time extracted dispersed titanium carbides impedes increase of
austenite grains during heat treatment. Being more resistant to
high-temperature effect in comparison with cementite alloyed
by manganese, these carbides are saving in the structure in
larger amount, thereby impeding increase of grain size.

Variation of the average austenite grain size of the high-
manganese steel, alloyed by T—Ca—N alloying composition,
isreflected on varying of such mechanical properties as hard-
ness and microhardness (fig. 8).
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Increase of the average austenite grain size in a complexly
alloyed austenite steel leads to lowering of its microhardness
and hardness of a casting in general.

Qualitative and quantitative parameters of the carbide
phase also play the important role in forming of the basic op-
erating properties of this steel, such as abrasive and impact-
abrasive wear resistance. At the same time the most distinct
relationship can be observed between these properties and
the amount of titanium carbide in the alloy structure (fig. 9).

It can be concluded on the base of the above-presented
relationships that dissolution of carbides and saturation of
austenite by titanium lead to improvement of operating prop-
erties of the complex-alloyed high-manganese steel.

Conclusions

Alloying of the high-manganese steel by Ti—Ca—N al-
loying composition leads to decrease of the amount of phos-
phide eutectics and cementite alloyed by manganese in the
structure. At the same time, dispersed titanium carbides ap-
pear in the structure.

Complex alloying of the austenite steel changes morphol-
ogy of its carbide phase that extracts inside austenite and does
not form solid net along the boundaries of its grains. The struc-
ture is now characterized by more large grain, at the same time
increase of grains as a result of heat treatment is not observed.

Introduction of Ti—Ca—N alloying composition in the
amount 1-2% in chemical composition of the high-man-
ganese steel allows to improve its operating parameters after
quenching and makes it possible to use it as a microalloying
complex for rise of wear resistance of the components operat-
ing in the conditions of abrasive and impact-abrasive wear.

REFERENCES

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

2. B. K. Zuidema, D. K. Subramanyam, W. C. Leslie. The effect of
aluminum on the work hardening and wear resistance of Had-
field manganese steel. Metallurgical and materials transactions A.
1987 (September). Vol. 18. Iss. 9. pp. 1629—1639. Doi: 10.1007/
BF02646146.

3. M. Mazar Atabaki, S. Jafari, H. Abdollah-pour. Abrasive wear be-
havior of high chromium cast iron and Hadfield steel - A compari-

son. Journal of iron and steel research international. 2012 (April).
Vol. 19. Iss. 4. pp. 43—50. Doi: 10.1016/S1006-706X(12)60086-7.

4. W. S. Owen, M. Grujicic. Strain aging of austenitic Hadfield man-
ganese steel. Acta Materialia. 1998 (December). Vol. 47. Iss.1.
pp. 111—126. Doi: 10.1016/S1359-6454(98)00347-4.

5. C. Iglesias, G. Solérzano, B. Schulz. Effect of low nitrogen con-
tent on work hardening and microstructural evolution in Hadfield
steel. Materials Characterization. 2009 (September). Vol. 60. Iss. 9.
pp. 971-979. Doi: 10.1016/j.matchar.2009.03.015.

6. A. Nasajpour, A. H. Kokabi, P. Davami, S. Nikzad. Effect of mo-
lybdenum on mechanical and abrasive wear properties of coating
of as weld Hadfield steel with flux-cored gas tungsten arc welding.
Journal of Alloys and Compounds. 2016 (February). Vol. 659. pp.
262-269. Doi: 10.1016/j.jallcom.2015.11.071.

7.J. Qichuan, H. Zhenming, C. Donghuan, W. Shoushi, Y. Jiulin.
Abrasion-resistant as-cast manganese steel with nodular carbide
modified by calcium. Journal of Materials Science Letters. 1990
(May). Vol. 9, Iss. 5. pp. 616—617. Doi: 10.1007/BF00725896.

8. R. Radis, Ch. Schlacher, E. Kozeschnik, P. Mayr, N. Enzinger,
H. Schrottner, Ch. Sommitsch. Loss of Ductility Caused by AIN
Precipitation in Hadfield Steel. Metallurgical and Materials Trans-
actions A. 2012 (April). Vol. 43. Iss. 4. pp. 1132—1139. Doi: 10.1007/
s11661-011-0968-5.

9. V. G. Prokoshkina, L. M. Kaputkina, Yu. I. Lojnikov. Peculiari-
ties of deformation and structure formation in nitrogen-containing
steels of various structural kinds. Journal of Materials Processing
Technology. 2002 (September). Vol. 125—126. pp. 97—102. Doi:
http://dx.doi.org/10.1016/S0924-0136(02)00325-4.

10. L. M. Kaputkina, V. G. Prokoshkina. Martensitic transforma-
tions, structure, and strengthness of processed high-nitrogen and
high-carbon ferrous alloys. Journal de Physique IV. 2003 (Oc-
tober). Vol. 112. pp. 263—266. Doi: http://dx.doi.org/10.1051/
jp4:2003879.

11. K. N. Vdovin, N. A. Feoktistov, E. V. Sinitskii, D. A. Gorlenko,
N. A. Durov. Production of high-manganese steel in arc furnaces.
Part 2. Steel in Translation. 2016 (January). Vol. 46. Iss. 1. pp. 16-
20. Doi: 10.3103/S0967091216010150.

12. K. N. Vdovin, N. A. Feoktistov, E. V. Sinitskii, D. A. Gorlenko,
N. A. Durov. Production of high-manganese steel in arc furnac-
es. Part 1. Steel in Translation. 2015 (October). Vol. 45. Iss. 10.
pp. 729—732. Doi: 10.3103/S0967091215100186.

13. V. M. Kolokoltsev, K. N. Vdovin, D. A. Gorlenko, A. E. Gilin.
Calculation of stacking fault energy and its influence on abrasive
wear resistance of Hadfield cast steel cooled at different rates.
CIS Iron and Steel Review. 2016. Vol. 11. pp. 35—40. Doi: http://
dx.doi.org/10.17580/cisisr. 2016.01.06.

14. K. N. Vdovin, N. A. Feoktistov, D. A. Gorlenko. The effect of the
cast high-manganese steel primary structure on its properties. So/-
id State Phenomena. 2016. Vol. 870. pp. 339—344. Doi: 10.4028/
www.scientific.net/MSF.870.339.

15. K. N. Vdovin, D. A. Gorlenko, A. N. Zavalishchin. Carbide
Transformations in Tempering of Complexly Alloyed White Cast
Iron. Metal Science and Heat Treatment. 2015 (July). Vol. 57. Iss.
3. pp. 123—127. Doi: 10.1007/s11041-015-9848-8.

16. K. N. Vdovin, D. A. Gorlenko, N. A. Feoktistov. Characteris-
tics of excess phase in cast high-manganese steel. Steel in Trans-
lation. 2016 (July). Vol. 46. Iss. 7. pp. 484—488. Doi: 10.3103/
S0967091216070159.

23





