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ABSTRACT

Purpose: The work consisted in investigation of newly elaborated high-manganese austenitic steels with Nb and
Ti microadditions in variable conditions of hot-working.

Design/methodology/approach: The force-energetic parameters of hot-working were determined in continuous
and multi-stage compression test performed in temperature range of 850 to 1100°C using the Gleeble
3800 thermomechanical simulator. Evaluation of processes controlling work-hardening were identified by
microstructure observations of the specimens compresses to the various amount of deformation (4x0.29, 4x0.23
and 4x0.19). The microstructure evolution in successive stages of deformation was determined in metallographic
investigations using light, scanning and electron microscopy as well as X-ray diffraction.

Findings: The investigated steels are characterized by high values of flow stresses from 230 to 450 MPa. The
flow stresses are much higher in comparison with austenitic Cr-Ni and Cr-Mn steels and slightly higher compared
to Fe-(15-25)Mn alloys. Increase of flow stress along with decrease of compression temperature is accompanied
by translation of ¢, strain in the direction of higher deformation. Results of the multi-stage compression
proved that applying the true strain 4x0.29 gives the possibility to refine the austenite microstructure as a
result of dynamic recrystallization. In case of applying the lower deformations 4x0.23 and 4x0.19, the process
controlling work hardening is dynamic recovery and a deciding influence on a gradual microstructure refinement
has statical recrystallization. The steel 27Mn-4Si-2Al-Nb-Ti has austenite microstructure with annealing twins
and some fraction of & martensite plates in the initial state. After the grain refinement due to recrystallization,
the steel is characterized by uniform structure of y phase without ¢ martensite plates.

Research limitations/implications: To determine in detail the microstructure evolution during industrial
rolling, the hot-working schedule should take into account real number of passes and higher strain rates.
Practical implications: The obtained microstructure — hot-working relationships can be useful in the
determination of power-force parameters of hot-rolling and to design a rolling schedule for high-manganese
steel sheets with fine-grained austenitic structures.

Originality/value: The hot-deformation resistance and microstructure evolution in various conditions of hot-
working for the new-developed high-manganese austenitic steels were investigated.

Keywords: High-manganese steel; Hot-working; TRIP/TWIP steels; Dynamic recrystallization; Static
recrystallization; Grain refinement
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1. Introduction

The beginning of XXI century has brought a development
of new groups of steels to be applied for sheets in automotive
industry. From the aspect of materials, this development has
been accelerated by strong competition with non-metal
aluminium and magnesium alloys as well as with composite
polymers, which meaning is successively increasing.
From the aspect of ecology, an essential factor it is to limit
the amount of exhaust gas emitted into the environment.
It’s strictly connected to the fuel consumption, mainly
dependant on car weight and its aerodynamics. Taking
into consideration increased quantity of accessories used
in modern cars, decreasing car’s weight can be achieved solely
by optimalization of sections of sheets used for bearing
and reinforcing elements as well as for body panelling parts
of a car. Application of sheets with lower thickness preserving
proper tautness requires using sheets with higher mechanical
properties, however keeping adequate formability. Steels
of IF and BH type with moderate mechanical properties
and high susceptibility to deep drawing were elaborated
for elements of body panelling [1]. The highest application
possibilities belong to DP-type steels with ferritic — martensitic
microstructure. Their mechanical properties can be formed
in a wide range, controlling participation of martensite arranged
in ferritic matrix. Sheets made of these steels are widely used
for bearing and reinforcing elements[2]. In comparison to steels
with ferritic microstructure they are characterized by high value
of hardening exponent n, what decides about their strong strain
hardening during sheet-metal forming [3].

Nowadays, apart from limiting fuel consumption, special
pressure is placed on increasing safety of car’s passengers.
Constructional solutions and steels used in the frontal part
of a vehicle are the most significant due to the possibility
of accident occurrence. The goal of structural elements
such as frontal frame side members, bumpers and the others
is to take over the energy of an impact. Therefore, steels
that are used for these parts should be characterized by high
product of UTS and UEIl, proving the ability of energy
absorption. Among the wide variety of recently developed
steels, high-manganese austenitic TRIP/TWIP steels with low
stacking faulty energy (SFE) are particularly promising,
especially when mechanical twinning occurs [3-6]. Beneficial
combination of high strength and ductile properties
of these steels depends on structural processes taking place
during cold plastic deformation, which are a derivative
of stacking fault energy (SFE) of austenite, dependent, in turn
on the chemical composition of steel and deformation
temperature [1-4, 7-10]. In case, when SFE is equal
from 12 to 20mJm?, partial transformation of austenite
into martensite occurs, making use of TRIP effect
(TRansformation Induced Plasticity) [1-4, 8]. Values
of SFE from 20 to 60mJm? determine intense mechanical
twinning connected to TWIP effect (TWinning Induced
Plasticity) [5-10]. The steels cover a very wide carbon
concentration in a range from about 0.03 to 1 wt.%,
15-30% Mn, 0-4% Si, 0-8% Al.
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The best conditions for obtaining the total elongation
up to 80%, due to a gradual increase of mechanical twins, acting
as obstacles for dislocation glide, occur when the carbon
concentration is in the range of 0.4-0.8% and manganese
from 17 to 22% [5, 11, 12]. However, high carbon content may
lead to formation of M;C and MyCy-type carbides,
which precipitating on austenite grain boundaries negatively
affect the strength and toughness of the steel [11]. Moreover,
in the Fe-(17-22) Mn-(0.4-1) C steel grades, besides
the formation of deformation twins during straining,
a technologically undesirable jerky flow, which presents
the features of dynamic strain aging and PLC
(Portevin-LeChatelier) effect is observed [6]. Because of these
reasons, Frommeyer et al. [1-4] proposed a group
of high-manganese steels with carbon content, less than 0.1%.
Lower hardening due to decreased carbon concentration
was compensated by Si and Al additions, which together
with Mn decide about SFE of the alloy and the main
deformation mechanism. In a case of Mn > 25%, the mechanical
properties are mainly dependent on TWIP effect [1, 3, 13]
and for Mn < 20%, a process influencing a mechanical
properties level is strain-induced martensitic transformation
of austenite [2-4]. For the latter the initial structure is consisted
of y phase as a matrix, some fraction of & martensite
and sometimes ferrite [2-4].

Results of our earlier investigations [14-17] indicate
that ¢ martensite plates can appear in the initial structure
of the (0.04-0.05) C-25Mn-4Si-2Al alloys as a result of Nb
and Ti microadditions. The amount of C combined
in precipitated carbonitrides reduces its content in the solid
solution, thus decreasing the SFE of austenite and resulting
in a presence of & martensite despite high manganese
concentration in the investigated steels. It was found [16-18]
that the fraction of & martensite plates is also dependent
on a grain size of the y phase and hot-working conditions.
It was also observed that the fraction of mechanical twins within
the austenite grains corresponds to the initial grain size,
and at the same time affects the mechanical properties [5].

The hot-working behaviour of high-manganese steels
is of primary importance for elaborating manufacturing methods
consisted of hot rolling and successive cooling to room
temperature. ~ However, their hot work  hardening
and microstructural evolution controlled by thermally activated
processes removing it, did not draw much attention compared
to cold-working behaviour. Niewielski [19] compared the flow
resistance  of the 0.5C-17Mn-16Cr  austenitic  steel
with conventional stainless steel of 18-8 type. He observed
that the hardening intensity of Cr-Mn steel is much higher
than in case of Cr-Ni steel. The difference in a course
of work-hardening comes from a different ability of dislocations
to splitting and association during straining.

High strain hardening rate is a result of the ability
of manganese austenite for dislocation dissociation in the initial
deformation stage [19, 20]. The reason for high hardening
intensity of Cr-Mn steel are much higher flow stress values
compared to Cr-Ni steel, however at lower deformation value
of e, corresponding to maximal flow stress. For example,
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the yield stress of the Cr-Mn steel hot-twisted at a temperature
of 1100°C with a strain rate of 1s is equal to 134MPa
for the value &g,y 0.18 and increases to 280MPa
for e,.x = 0.23 with decreasing the deformation temperature
to 900°C [19]. Cabanas et al. [21] investigated the retarding
effect of Mn content up to 20 wt.% on the grain boundary
migration and dynamic recrystallization in binary Fe-Mn alloys.
The influence of Al addition on the flow behaviour
of 0.1C-25Mn-(0-8) Al alloys was the aim of investigations
undertaken by Hamada et al. [22, 23]. They found that flow
resistance is slightly higher for the 25Mn3Al than for the 25Mn
steel. Moreover, they observed that the flow stress of the
austenitic alloys containing Al up to 6% is much higher
compared to the steel containing 8% Al with a duplex
austenitic-ferritic ~ structure  [22].  Investigation  results
by Hamada et al. [22, 23], Sabet et al. [24] on 0.13C-29Mn-2.4Al
steel and Kliber et al. [25] on (0.6-1)C-(17-20)Mn steels
confirmed the high work hardening rate of high-manganese
alloys in the deformation range lower than g, likewise
for Cr-Mn steels investigated by Niewielski [19].

For manufacturing methods elaborating, it is especially
important that relatively low values of gy, give
the opportunities to refine austenitic structures in successive
stages of hot-working. Unfortunately, the flow resistance
of high-Mn steels is usually investigated under conditions
of continuous compression or torsion [20-25]. To determine
the softening kinetics, the double- or triple-deformation tests
are rarely carried out [22, 25]. Hot-rolling of sheets consists
of many passes characterized by the changing amount
of deformation and strain rate from pass to pass. This means
that the flow stresses should be determined during multi-stage
straining testing and for various deformation values.
In earlier investigations [14-16, 26, 27] we characterized
the force-energetic parameters of hot-working of new-developed
low-carbon high-Mn-Si-Al steels in continuous and four-stage
compression tests. The aim of the paper is to describe in details
the microstructure evolution and phase composition
of 0.04C-27Mn-4Si-2A1-Nb-Ti steel subjected to four-stage
compression with various amount of deformation.

2. Experimental procedure

Investigations were carried out on two high-manganese
austenitic Mn-Si-Al steels containing Nb and Ti microadditions
(Table 1). Melts were prepared in the Balzers VSG-50 vacuum
induction furnace. After homogenization at 1200°C for 4 h
to remove the segregation of Mn, ingots with a mass of 25kg

were submitted for open die forging on flats with a width
of 220 mm and a thickness of 20 mm. Then, cylindrical
machined samples @10x12mm were made. In order
to determine the influence of temperature on a steel grain
growth, samples were solution heat-treated in water from
the austenitizing temperature in a range from 900 to 1100°C
(Fig. 1). Determination of processes controlling work hardening
was carried out in continuous axisymetrical compression test
using the DSI Gleeble 3800 thermomechanical simulator, used
as laboratory equipment of the Institute for Ferrous Metallurgy
in Gliwice [28, 29]. The stress — strain were defined
in a temperature range from 850 to 1050°C with a strain
rate of 10s™.

In order to determine G-¢ curves, the four-stage compression
tests were carried out. The temperatures of the successive
deformations were 1100, 1050, 950 and 850°C. The details
of the hot-working are given in Table 2. To simulate various
conditions of hot-rolling, the amount of true stain were
0.29, 0.23 and 0.19. The time of the isothermal holding
of the specimens at a temperature of the last deformation was
between 0 and 64s. The specimens were inserted in a vacuum
chamber, where they underwent resistance-heating. Tantalum
foils were used to prevent from sticking and graphite foils used
as a lubricant. The processes controlling the course
of work-hardening were evaluated on a basis of the shape
of c-¢ curves and structure observations of the specimens
water-quenched on  different stages of compression.
To determine metallographically recrystallization progress
at the interval between passes, a part of the specimen
was water-cooled after isothermal holding of the specimens
compressed at 900°C and 1000 °C with the amount of true strain
0f 0.29 and 0.5 and a strain rate of 10s™.

Metallographic investigations were performed on LEICA
MEF4A optical microscope. In order to reveal the austenitic
structure, samples were etched in nitric and hydrochloric acids
mixture in 2:1 proportion as well using a mixture of nitric acid,
hydrochloric acid and water in 2:2:1 proportion. The structure
of the investigated steel was also characterised using
the SUPRA 25 scanning electron microscope and the JEOL JEM
3010 transmission electron microscope working at accelerating
voltage of 300 kV. TEM observations were carried out on thin
foils. The specimens were ground down to foils
with a maximum thickness of 80 pm before 3 mm diameter
discs were punched from the specimens. The disks were further
thinned by ion milling method with the Precision Ion Polishing
System (PIPS™), using the ion milling device (model 691)
supplied by Gatan until one or more holes appeared. The ion
milling was done with argon ions, accelerated by voltage
of 15 kV.

Table 1. Chemical composition of the investigated steels, mass fraction

Designation C Mn Si Al P S Nb Ti N
27Mn-4Si-2A1-Nb-Ti 0.040 275 4.18 1.96 0.002 0.017 0.033 0.009 0.0028
26Mn-3Si-3Al-Nb-Ti 0.065 26.0 3.08 2.87 0.004 0.013 0.034 0.009 0.0028

Hot-working of advanced high-manganese austenitic steels
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Table 2.

Parameters of the thermo-mechanical treatment carried out in the Gleeble simulator

. Coolin Deformation ~ Coolin Deformation  Coolin, . : Final
o Ta Deformation 1 7;® I o mo [ty Deformation [V fur b
C T ¢ g Vit T, 92 9 Vot Ty 9 o3 Vi otz Ty 94 ¢y 850°C,

°C s' °Cls s °C st °Cls s °C gl °Cls s °C st s
1 1100 1100 0.29 7 5 10 1050 029 8 10 10 950 029 9 14 7 850 0.29 10 0
2 1100 1100 0.29 7 5 10 1050 029 &8 10 10 950 029 9 14 7 850 0.29 10 4
3 1100 1100 0.29 7 5 10 1050 029 8 10 10 950 029 9 14 7 850 0.29 10 16

4 1100 1100 0.29 7 5 10 1050 029 8 10 10 950 029 9 14 7 850 0.29 10 32 Water
5 1100 1100 0.29 7 5 10 1050 029 8 10 10 950 029 9 14 7 850 0.29 10 64
6 1100 1100 0.29 7 5 10 1050 029 8 10 10 950 029 9 14 7 - - - -
7 1100 1100 0.23 7 5 10 1050 023 8 10 10 950 023 9 14 7 850 0.23 10 32
8 1100 1100 0.19 7 5 10 1050 0.19 8 10 10 950 0.19 9 14 7 850 0.19 10 32

Ta — austenitizing temperature, T, - T, — deformation temperatures, ¢; - @, — true strains, Vi...- V, — cooling rates between

deformations, t; - t; — times between deformations, tisomer — time of the isothermal holding of the specimens at a temperature of 850°C

T ocll
1200 |-

T,=1000°C, ¢,=0. . =D-
1000 | tp—P290F05 t, = 0-64s

t, = 0-64s

T,=900°C, =0, L
800 P ©,=0.29 or 0.5

600 |
Water

400

200

0 -
ts

Fig. 1. Parameters of the preliminary hot upsetting tests

3. Results and discussion

Melted steels possess diversified initial structure represented
on Fig. 2 and Fig. 3. The new-developed 26Mn-3Si-3A1-Nb-Ti
steel in the initial state is characterized by homogeneous
microstructure of austenite with a grain size in range from 100
to 150pm, in which numerous annealing twins can be identified
(Fig. 2a). Single-phase microstructure of the steel is confirmed
by X-ray diffraction pattern in Fig. 2b.

The structure of the investigated 27Mn-4Si-2A1-Nb-Ti steel
in the initial state after forging is shown in Fig. 3. Increased
concentration of silicon up to 4% and its influence on the
decreasing of the stacking fault energy of austenite result in the
presence of some fraction of € martensite in the austenite matrix
containing many annealing twins. The & martensite is present in
a form of parallel plates inside austenite grains with a mean
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grain diameter of about 120 um (Fig. 1b). The martensite plates
are hampered by austenite grain or annealing twins boundaries.
The presence of ¢ martensite is confirmed by X-ray diffraction
pattern in Fig. 3b.

a) 200um

b) b
s
=
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PRI NPRS YT LSO ORI L N PONOT R PO )
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40 50 60 70 80 a0 100 110

Fig. 2. Austenitic microstructure with numerous annealing twins
of the 26Mn-3Si-3A1-Nb-Ti steel in the initial state (a)
and X-ray diffraction pattern (b)
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Fig. 3. X-ray diffraction pattern (b) and the austenite
structure with many annealing twins and parallel ¢ martensite
plates of the investigated steel 27Mn-4Si-2AI-Nb-Ti
in the initial state (a)

Starting point for microstructure analysis of specimens
that were plastically hot-compressed in variable conditions
are microstructures of steel subjected to solution heat treatment
from a temperature range from 900 to 1100°C. The steel
possesses fine-grained microstructure of austenite with grain
sizes from 10 to about 17um up to temperature of 1000°C
(Fig. 4a, b, c, Fig. 5). Further increase in solutioning
temperature to 1100°C results in a rapid grain growth
up to about 50um (Fig. 4c). This behaviour is connected
with a total dissolution of NbC particles above 1000°C,
what was investigated elsewhere [19]. Moreover, numerous
annealing twins can be observed in the microstructure and some
fraction of € martensite plates (Fig. 4).

Microstructure development of 27Mn-4Si-2A1-Nb-Ti steel,
solution heat treated from temperature of 850 or 950°C, after
application of specified reduction, as well as o©-g curves
obtained in continuous compression test are presented
in Fig. 6a-h. It arises from Fig. 6a that the steel is characterized
by values of yield stress equal from 240 to 450MPa
in investigated range of temperature. These values
are considerably higher than they are for conventional C-Mn
steels as well as for Cr-Ni and Cr-Mn austenitic steels [20].

Hot-working of advanced high-manganese austenitic steels

—4— 27Mn-4Si-2A1-Nb-Ti
= 26Mn-35i-3A1-Nb-Ti

10

BOO 400 1000 1100
Temperature of solution heat treatment,”C

Fig. 4. Changes of austenite grain size in dependence
on temperature (a) and structures obtained after solution heat
treatment from a temperature: b) 900°C, c) 1000°C, d) 1100°C;
27Mn-48i-2Al-Nb-Ti steel
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Fig. 6. Evolution of the microstructure of 27Mn-4Si-2A1-Nb-Ti steel compressed to a various strain: a) c-¢ curve; b) T = 950°C, ¢ = 0.5;
¢) T=950°C, £=10.29; d) T=950°C, £ =0.23; ¢) T =950°C, £ = 0.91; f) T = 850°C, £ = 0.5; g) T = 850°C, € = 0.29; h) T = 850°C, ¢ = 0.23
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Fig. 7. Evolution of the microstructure of 26Mn-3Si-3A1-Nb-Ti steel compressed to a various strain: a) o-¢€ curve; b) T = 850°C, ¢ = 0.23;

¢) T=2850°C, €=0.29;d) T=850°C, £ =0.5

It proves high strain hardening, which is probably caused
by high Mn concentration in the steel. Additionally, the increase
of flow stress is influenced by Si and Al additives as well
as Nb and Ti microadditions. Decrease of strain temperature
by around 100°C results in increase of flow stress by around
100MPa. Along with strain temperature decreasing, the value
of enax — corresponding to the maximum value of yield
stress — is translating to a range of higher deformations.
However, it’s characteristic, that after strong strain hardening,
peaks of g, are present for relatively low deformation values,
i.e. from 0.23 to 0.48. It creates convenient conditions for using
dynamic recrystallization for refinement of microstructure,
what is confirmed by fine-grained microstructure of steel,
solution heat treated from the temperature of 950°C after true
strain of 0.5 (Fig. 6b). Decrease of true strain to 0.29, close
to €na deformation in Fig. 6a, also leads to the initiation
of dynamic recrystallization (Fig. 6c). Nevertheless, further
decrease of reduction to 20% (true strain equal 0.23) is too low
for initiating dynamic recrystallization (Fig. 6d). In such
conditions, microstructure of steel is composed of dynamically
recovered austenite grains elongated in the direction of plastic
flow with size comparable to the sample solution heat treated
from temperature of 900°C.

After decreasing compression temperature to 850°C, fully
recrystallized microstructure of austenite with grain size
of approximately 3pum was achieved through application of true

Hot-working of advanced high-manganese austenitic steels

strain equal 0.9 (Fig. 6e). Decrease of reduction to 40% results
in obtaining microstructure of recrystallized grains of austenite
uniformly distributed in matrix of dynamically recovered grains
with sizes slightly smaller than for the strain temperature
of 950°C (Fig. 6f). Decrease of true strain to 0.29 is sufficient
for initiation of dynamic recrystallization also for the
deformation temperature of 850°C (Fig. 6g), although the value
of &nax 18 equal 0.48. It’s in accordance with data presented
in [16], in which it was stated that the initiation of dynamic
recrystallization can occur at critical deformation value
£.¢=(0.5-0.85)e,. Solution heat treatment from temperature
of 850°C after true strain of 0.23 doesn’t cause grain refinement
of microstructure as a result of dynamic recrystallization.
Microstructure of steel is composed of slightly deformed grains
of dynamically recovered austenite (Fig. 6h).

The o-¢ curves together with  microstructures
of 26Mn-3Si-3Al-Nb-Ti steel solution heat treated from
the temperature of 850°C and specified reduction are presented
in Fig. 7a-d. The course of c-g curves is almost identical
as in case of steel discussed above (Fig. 7a). It refers both
to the values of flow stresses and values of g,, deformations.
It can be observed in Fig. 7a that the only difference derives
from slightly lower values of flow stress for the strain
temperature of 850°C, what can be caused by lower solution
hardening of aluminium when compared to silicon, which
concentration is twice smaller than in 26Mn-3Si-3Al-Nb-Ti
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a) 950°C-25%-4s- water

b) 950°C-25%-16s- water

c)  950°C-25%-64s- water

Fig. 8. Microstructure evolution of the 26Mn-3Si-3A1-Nb-Ti Fig. 9. Microstructure evolution of the 27Mn-4Si-2A1-Nb-Ti

steel after isothermal holding for time: a) t = 4s; b) t = 16s; steel after isothermal holding for time: a) t = 4s; b) t = 16s;
¢) t = 64s; for the specimens plastically deformed at 900°C, c) t = 64s; for the specimens plastically deformed at 900°C,
€=10.29 £=0.29
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e) 850°C; £=0.29; t=64s; water
d) 850°C; £=0.29; t=16s; water
c) 850°C; ==0.91; t=0s; water
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Fig. 10. X-ray diffraction patterns for 27Mn-4Si-2A1-Nb-Ti steel after various variants of the thermo-mechanical treatment;
a) 850°C, €=0.29, t=0s, b) 850°C, £=0.5, t=0s, c¢) 850°C, £=0.91, t=0s, d) 850°C, £=0.29, t=16s, ) 850°C, £=0.29, t=64s

steel. Similarly as for the second steel, true strain equal
0.23 is too low for initiating dynamic recrystallization (Fig. 7b),
which occurs after increasing true strain to 0.29 (Fig. 7¢). Still,
significant microstructure refinement requires application
of deformation equal 0.5 (Fig. 7d).

Development of microstructure of steel 26Mn-3Si-3A1-Nb-Ti
isothermally held in temperature of 900°C, after true strain
equal 0.29 is presented in Fig. 8. After 4s of holding,
microstructure  is  slightly  different in  comparison
with microstructure of steel solution heat treated directly after
deformation (Fig. 8a). Increase of holding time to 16s results
in obtaining high participation of recrystallized grains at the cost
of dynamically recovered grains (Fig. 8b). Fast progress
of microstructure  reconstruction confirms  occurrence
of metadynamic recrystallization, not requiring any period
of incubation. Confirmation of this fact is large portion
of dynamically recrystallized grains after deformation
with reduction of 25% at temperature of 850°C (Fig. 7c).
Increase of holding time to 64s leads to achievement of highly
fine-grained microstructure of metadynamically and statically
recrystallized grains (Fig. 8c).

Successive stages of microstructure development of steel
27Mn-4Si-2A1-Nb-Ti in function of isothermal holding time
are shown in Fig. 9a-c. The progress of recrystallization of this
steel is slightly slower, what proves higher contribution of static
recrystallization to removal of strain hardening than in case
of steel 26Mn-3Si-3Al-Nb-Ti.

Hot-working of advanced high-manganese austenitic steels

The conditions of hot-working additionally influence phase
state of steel. Steel 26Mn-3Si-3A1-Nb-Ti with initial austenitic
microstructure keeps its stability independently from conditions
of plastic deformation. X-ray diffraction patterns for steel
27Mn-48Si-2A1-Nb-Ti indicate presence of peaks coming
from & martensite. However, their intensity connected
with participation of this phase differs depending on applied
variant of hot-working. The highest intensity from (101) planes
belongs to the sample deformed with lowest reduction
(Fig. 10a). Increase of reduction causes decrease of peaks
intensity (Fig. 10b, 10c). Isothermal holding for 16s after
deformation at 900°C doesn’t change phase composition of steel
27Mn-48Si-2A1-Nb-Ti. Still, slight peaks coming from ¢
martensite are present (Fig. 10d). Increase of holding time
to 64s leads to substantial increase of (101) peak intensity
of &€ martensite (Fig. 10e). It means, that in spite of fine-grained
microstructure of steel having impeding impact on growth
of & martensite laths [18], also state of internal stresses,
effectively limited in process of metadynamic and static
recrystallization, decides about tendency of formation
of this phase in high-manganese steels.

The fraction of the recrystallized phase in intervals between
successive passes can be evaluated from Figs. 11 and 12,
showing a progress of recrystallization as a function of time
for the specimens compressed in various deformation
conditions. It arises from Fig. 11, that participation
of recrystallized phase of 27Mn-4Si-2Al1-Nb-Ti steel increases
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Fig. 11. Progress of recrystallization of the 27Mn-4Si-2Al-Nb-Ti steel isothermally held after plastic deformation in various conditions
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Fig. 12. Progress of recrystallization of the 26Mn-3Si-3Al-Nb-Ti steel isothermally held after plastic deformation in various conditions

along with increasing deformation temperature and increase
of reduction. Half-time of recrystallization at the temperature
of 1000°C after deformation with 40% of reduction is equal
13s and increases to 18s after decreasing strain temperature
to 900°C. Decrease of reduction to 25% results in elongation
of tys time to 32s, because of the change of prevailing
participation of metadynamic recrystallization — in removing
the effects of hardening — on behalf of static recrystallization.
Half-times of recrystallization of 26Mn-3Si-3Al1-Nb-Ti steel
are shorter and are equal — 8, 12 and 17s, respectively
for analogical strain conditions (Fig. 12). It comes from higher
participation of metadynamic recrystallization in removing
effects of strain hardening, what arises directly from
higher portion of dynamically recrystallized grains during
plastic strain (Fig. 7c).

Stress-deformation curves of steels plastically deformed
according to the parameters shown in Table 2 are presented
in Figs. 13-15. Application of true strain equal 0.29 during
cyclic compression creates possibility of the course of dynamic
recrystallization, what is indicated by peaks that can
be distinguished on c-¢ curves — especially for deformations

m Research monoghaphl

realized at temperature of 1100 and 1050°C (Fig. 13).
After decreasing plastic deformation temperature, maximum
on c-¢ curves is present for maximum value of true strain
(0.29). Initiation of dynamic recrystallization at this deformation
value is additionally confirmed by microstructures of steels
solution heat treated after deformation in analogical conditions
of continuous compression (Fig. 6¢, 6g, 7¢). The values of yield
stress in the range of strain temperature from 1100 to 950°C
are comparable with values obtained in continuous compression
test; however deformation of steel with lower concentration
of Si and Mn requires slightly lower pressures. Significant
decrease of flow stress is noted for the last deformation realized
at the temperature of 850°C (Fig. 13). It’s a result of partial
removal of strain  hardening through metadynamic
recrystallization that occurs during the interval between
third and fourth deformation. Additionally, cyclic deformation
as well as the course of partial recrystallization result in much
faster achievement of maximum on o-g¢ curve for the fourth
deformation when comparing to oc-¢ curve of continuous
compression at the temperature of 850°C.

L.A. Dobrzanski, W. Borek
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Fig. 13. Stress — strain curves for the specimens plastically deformed 4 x 0.29
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Fig. 15. Stress — strain curves for the specimens plastically deformed 4 x 0.19
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a) 950°C-7s-water b) 850°C-0

Fig. 16. Austenitic structures obtained after solutioning the steel 27Mn-4Si-2A1-Nb-Ti in successive stages of the hot-working
for the specimens compressed to a true strain 4x0.29 and isothermally held for the time from 0 to 64s: a) metadynamically
recrystallized grains during the interval between third and fourth deformation, b) initiation of dynamic recrystallization, c) grain
refinement due to metadynamic recrystallization, d) grain refinement due to metadynamic and static recrystallization,
e, ) fine statically recrystallized austenite grains
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Decrease of true strain to 0.23 leads to a change of the
course of c-¢ curves (Fig. 14). Shape of the curves after
deformation at the temperature of 1100 and 1050°C indicate
possibility of initiating dynamic recrystallization. However,
decreasing the temperature causes that dynamic recovery is the
process controlling strain hardening. Moreover, only partial
course of static recrystallization during cooling of sample
between third and fourth deformation results in increasing the
value of yield stress during deformation at 850°C. Further
decrease of true strain to 0.19 causes that dynamic recovery is
the process controlling strain hardening in the whole
temperature range of deformation (Fig. 15), at comparable
values of yield stress.

The microstructure evolution of steel 27Mn-4Si-2A1-Nb-Ti
in different stages of multi-stage compression is shown
in Fig. 16. After deformation of the specimen at a temperature
of 950°C and subsequent cooling for 7s corresponding
to the interpass time, the steel is characterised by uniform,
metadynamically  recrystallized austenite  microstructure
with a mean grain size of about 20um and many annealing twins
(Fig. 16a). The initiation of dynamic recrystallization during
the last deformation at the temperature of 850°C is confirmed
by a micrograph in Fig. 16b, showing an initial state of dynamic
recrystallization. The mean dynamically recovered austenite
grain size decreased to about 12um and fine dynamically
recrystallized grains are arranged along austenite grain
boundaries as well as on twin boundaries. The similar role
of twinning as a nucleation and growth mechanism of dynamic
recrystallization was observed by Sabet et al. [24]
in Fe-29Mn-2.4Al alloy. The repeated formation of twins during
the whole temperature range of hot-working may be a reason
of amplification of a number of dynamically recrystallized
grains. The annealing twins are present both inside large
dynamically recovered grains and fine recrystallized grains.
A low tendency of high-manganese austenite with a low SFE
to dynamic recovery is confirmed by Fig. 17, revealing a weakly
outlined cellular dislocation structure in a region still

not subjected to dynamic recrystallization, despite the true strain
of 0.29, slightly higher than corresponding to a maximal value
of true stress.

The analysis of Fig. 17 allows to reveal the highly deformed
austenite structure with a various density of crystal structure
defects, where inside, it is possible to observe regions
with a much lower dislocation density corresponding to a state
directly before forming dynamic recrystallization nuclei. A lack
of distinct cellular dislocation structure in metals with low SFE is
due to the necessity of extended dislocations to recombine
it to a perfect dislocation before the cross slip initiation,
what requires providing activation energy, dependent
on normalized stacking fault energy of y phase.

Fig. 17. Regions of dynamically recovered austenite with a
various dislocation density of the steel 27Mn-4Si-2AI-Nb-Ti
solution heat-treated from a temperature of 850°C directly after
the true strain of 4x0.29
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Fig. 18. X-ray diffraction patterns of the steel 27Mn-4Si-2Al-Nb-Ti in the initial state and after different stages of thermo-mechanical treatment
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Fig. 19. Fine, statically recrystallized austenite grains and large
statically recovered grains of the steel 27Mn-4Si-2AI-Nb-Ti
solution heat-treated from a temperature of 850°C after
isothermal holding for 32 s of the specimen compressed with the
true strain of 4x0.23 (a, b)

Isothermal holding of the steel 27Mn-4Si-2A1-Nb-Ti after
the deformation at 850°C for 4s does not cause any essential
modifications of microstructure. The microstructure consists
of fine metadynamically recrystallized austenite grains
and larger grains in which the process controlling the work
hardening during deformation was just dynamic recovery
(Fig. 16c). Increase of isothermal holding of the specimen
at a temperature of the last deformation for 16s leads to growth
of new grains as a result of metadynamic recrystallization
and the initiation of static recrystallization on grain boundaries
of large, flattened austenite grains whose fraction is still
high (Fig. 16d). Further increase in the isothermal holding time
to 32s leads to obtain nearly 60% fraction of metadynamically
and statically recrystallized microstructure with a mean
austenite grain size of about 10um (Figs. 16e, f).
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Fig. 20. Regions of statically recovered austenite with a various
dislocation density of the steel 27Mn-4Si-2A1-Nb-Ti solution
heat-treated from the temperature of 850°C after isothermal
holding for 32 s of the specimen compressed with the true strain
of 4x0.23

It is interesting that in Fig. 16 any ¢ martensite plates were
observed, despite presence of this phase in the initial structure
(Fig. 3). Confirmation of that fact is the X-ray diffraction
patterns shown in Fig. 18 for different stages of thermo-
mechanical treatment. A lack of & martensite is connected
with significant structure refinement compared to the initial
state and hampering influence of grain boundaries on growth
of & martensite plates during cooling. Similar effects were
reported in [18] for Fe-21Mn alloy and in [22] for Fe-25Mn alloy.

Due to high rolling forces in final passes of sheet rolling,
the amount of deformation is usually reduced. Because of this
the four-stage compression with true strains of 4x0.23
and 4x0.19 were also carried out. Moreover, the applied strain
is sufficient to initiate a course of dynamic recrystallization.
However, decreasing the compression temperature to 950°C
causes that the flow stress is slightly higher and the applied
strain value is too low to initiate dynamic recrystallization.
Thus, process controlling a course of hot-working at 950°C
is a dynamical recovery. Because of a lack of dynamic
recrystallization in final passes, a refinement of microstructure
requires the use of thermally activated, static processes
removing work-hardening. For instance, the micrographs
in Fig. 19 show the austenite microstructure of the steel
isothermally held for 32 s at 850°C after compression with
a true strain of 4x0.23. The fraction of statically recrystallized
austenite equals approximately 60% (Fig. 19a). Numerous
annealing twins can be observed in the microstructure (Fig. 19b)
and a mean statically recrystallized austenite grain is higher
compared to the specimen compressed 4x0.29, where
a reconstruction of the microstructure was obtained both in
static and metadynamic processes (Fig. 16f).

L.A. Dobrzanski, W. Borek
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b) 850°C-32s-water

Fig. 21. Fine, statically recrystallized austenite grains and large
statically recovered grains of the steel 27Mn-4Si-2AI-Nb-Ti
solution heat-treated from the temperature of 850°C after
isothermal holding for 32 s of the specimen compressed with the
true strain of 4x0.19 (a, b)

Relatively slow progress of static recrystallization is a result
of impeding influence of high content of solutes
on the migration of grain boundaries. The statically recovered,
deformed austenite grains have low tendency to form a cellular
dislocation structure, likewise dynamically recovered grains
(Fig. 17). Inside these grains, regions characterized by various
dislocation density can be observed (Fig. 20).

A decrease of true strain to 0.19 causes that dynamic
recovery is the process controlling strain hardening in the whole
temperature range of deformation (Fig. 15), at similar values
of flow stress in comparison with the specimen deformed
4x0.23. However, the isothermal holding of the specimen
for 32 s is too short to obtain a desired fraction of recrystallized
phase, which equals approximately 15% (Fig. 2la).
Fine, recrystallized grains are located mainly on grain
boundaries of large, flattened statically recovered grains

Hot-working of advanced high-manganese austenitic steels

(Fig. 21b). Both recrystallized and recovered grains are bigger
than those after applying the true strain being equal
0.23 (Fig. 19). Once again, numerous annealing twins can
be observed in the microstructure (Fig.2la, b).
The microstructure in Fig. 22 clearly shows that new grains
are located on grain boundaries of large, statically recovered
austenite  grains.  Moreover, a jerky-like character
of the boundaries of large grains can be observed.
It is a characteristic feature of a state directly before forming
a recrystallization nucleus [19].

Signal A= BSD

EHT = 2000 kv
MEE = BOOKX

WD = 8mm

Fig. 22. The fine, statically recrystallized grain on jerky-like
boundaries of three large, statically recovered grains of the steel
27Mn-4Si-2Al-Nb-Ti solution heat-treated from the temperature
of 850°C after isothermal holding for 32's of the specimen
compressed with the true strain of 4x0.19

Similarly = microstructure  evolution was  observed
for the specimens from 26Mn-3Si-3A1-Nb-Ti steel deformed
in the multi-stage compression test. Microstructures of steel
in the successive deformation stages and after its finish
corresponding to o-g curves are put together in Fig. 23. After
deformation of the specimen at a temperature of 1050°C
and subsequent cooling for 10s corresponding to the interpass
time, the steel is characterized by uniform, metadynamically
recrystallized austenite microstructure with a grain size of about
40 pum (Fig. 23a). Lowering the deformation temperature
to 950°C and the time of 7s for cooling the specimen to 850°C
results in much smaller fraction of metadynamically
recrystallized grains located in a matrix of statically recovered
grains (Fig. 23b). A partial removal of work-hardening through
metadynamic recrystallization that occurs during the interval
between third and fourth deformation is a result of significant
decrease of flow stress noted for the last deformation realized
at the temperature of 850°C (Fig. 13), compared to the curve
obtained in the continuous compression test (Fig. 7a).
Additionally, cyclic deformations as well as the course of partial
recrystallization cause much faster achievement of maximum
on o-¢ curve for the fourth deformation when comparing
to continuous compression at the temperature of 850°C.
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e) 850°C-32s- water
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Fig. 23. Austenitic structures obtained after solutioning the 26Mn-3Si-3A1-Nb-Ti steel in successive stages of the hot-working
for the specimens compressed to a true strain 4x0.29 and isothermally held for the time from 0 to 64s: a) metadynamically
recrystallized grains during the interval between second and third deformation, b) metadynamically recrystallized grains during
the interval between third and fourth deformation, c¢) initiation of dynamic recrystallization, d) grain refinement due to metadynamic
and static recrystallization, e) fine statically recrystallized austenite grains, f) grain growth as a result of metadynamic recrystallization
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a) 850°C-32s- water
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b) 850°C-32s- water

Fig. 24. Fine, statically recrystallized austenite grains and large
statically recovered grains of the 26Mn-3Si-3Al-Nb-Ti steel
solution heat-treated from a temperature of 850°C after
isothermal holding for 32 s of the specimen compressed with the
true strain of 4x0.23 (a, b)

The initiation of dynamic recrystallization during the last
deformation at a temperature of 850°C is confirmed
by a micrograph in Fig. 23c, showing a partially recrystallized
austenite with a grain size of about 20 pm. Isothermal holding
of the specimen in a temperature of the last deformation
for 16s leads to a remarkably fine-grained metadynamically
recrystallized austenite microstructure with a fraction of about
40%, located in the matrix of slightly elongated, statically
recovered grains containing numerous annealing twins (Fig. 23d).
Further extension of holding time to 32s leads to obtaining almost
fully recrystallized microstructure of steel (Fig. 23¢) with a mean
austenite grain size of about 10 pm. Holding of steel
in the deformation temperature for 64s causes gradual increase
of recrystallized grains sizes (Fig. 231)

Hot-working of advanced high-manganese austenitic steels

Fig. 25. Fine, statically recrystallized austenite grains and large
statically recovered grains of the 26Mn-3Si-3A1-Nb-Ti steel
solution heat-treated from the temperature of 850°C after
isothermal holding for 32 s of the specimen compressed with the
true strain of 4x0.19 (a, b)

Decrease of true strain to 0.23 during the multi-stage
compression test leads to changes of the course of stress-strain
curves (Fig. 14). A shape of the curves during deformation
in a temperature range of 1100-1050°C and true stress values
are comparable to that obtained after higher strain applying.
Moreover, the applied strain is sufficient to initiate a course
of  dynamic  recrystallization. = However,  decreasing
the compression temperature to 950°C causes that the flow
stress is slightly higher and the applied strain value is too low
to initiate dynamic recrystallization. Thus, process controlling
a course of hot-working at 950°C is a dynamical recovery.

Because of a lack of dynamic recrystallization in final
passes, a refinement of microstructure requires the use of
thermally activated, static processes removing work-hardening.
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For instance, the micrographs in Fig. 24a, 24b show
the austenite microstructure of the steel isothermally held
for 32 s at 850°C after compression with a true strain of 4x0.23.
The fraction of statically recrystallized austenite equals
approximately 50% (Fig. 24a). Numerous annealing twins can
be observed in the microstructure (Fig.24b) and a mean
statically recrystallized austenite grain is higher compared
to the specimen compressed 4x0.29, where a reconstruction
of the microstructure was obtained both in static
and metadynamic processes (Fig. 23¢).

Further decrease of true strain to 0.19 causes that dynamic
recovery is the process controlling work hardening in the whole
temperature range of deformation (Fig. 15), at similar values
of flow stress in comparison with the specimen deformed
4x0.23. However, the isothermal holding of the specimen
for 32s is to short to obtain a desired fraction of recrystallized
phase, which equals approximately 20% (Fig.24a). Once again,
numerous annealing twins can be observed in microstructure
and fine statically recrystallized grains of y phase are located
mainly on boundaries of elongated statically recovered austenite
grains (Fig. 24b).

4. Conclusions

Despite slight difference in chemical composition, brought
mainly to concentration of Si and Al, elaborated steels show
different microstructure in the initial state. Steel with higher
Al concentration has stable microstructure of austenite
with annealing twins, while steel with higher Si concentration
consists of certain portion of & martensite in form of plates.
The differences in chemical composition don’t have meaningful
influence on behaviour of these steels in conditions
of hot-working. Solutioning the steels do not change its phase
composition but has essential effect on a grain size of austenite,
which is fine-grained up to a temperature of about 1000°C.

Elaborated steels are characterized by relatively high values
of flow stress, equal from 240 to 450MPa, and values
of enax deformation come from a range from 0.23 to 0.48,
corresponding to maximum value of yield stress. Despite high
value of g, at temperature of 850°C, initiation of dynamic
recrystallization occurs already after true strain equal
approximately 0.29, what creates possibility of refinement
of microstructure. Dynamic recrystallization occurs more
intensively in the steel containing 3%Al and 3%Si.
It also results in faster course of removing the effects
of hardening in the consequence of metadynamic
recrystallization during isothermal holding of this steel
in temperature of 900°C. Removal of strain hardening effects
in steel 27Mn-4Si-2A1-Nb-Ti  takes place  mainly
with participation of static recrystallization. The conditions
of hot-working additionally influence phase state of investigated
steels. Steel 26Mn-3Si-3A1-Nb-Ti keeps stable austenite
microstructure independently from conditions of plastic
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deformation. Steel with initial bi-phase microstructure keeps
a certain portion of martensite, yet dependant on conditions
of hot-working. Grain size of y phase as well as the state
of internal stresses dependent on thermally activated
mechanisms removing effects of strain hardening, have decisive
influence on precipitation of the phase.

Determined half-times of recrystallization of austenite
indicate that in the time of intervals between individual roll
passes, partial recrystallization of y phase should occur,
contributing to achievement of fine-grained microstructure
of steel. Faster course of metadynamic recrystallization
in 26Mn-3Si-3A1-Nb-Ti steel is probably caused by lower total

concentration of Si  and Mn, when comparing
to 27Mn-4Si-2Al1-Nb-Ti steel.
Taking  advantage of  dynamic  recrystallization

are confirmed by multi-stage compression results, in which
lowering the flow stress in a range from 20 to 80 MPa
dependent on a deformation temperature was observed and
decreasing the critical strain g, to lower values. In case
of applying the true strain 4x0.29, the refinement
of the austenite microstructure during intervals between
successive stages of deformation is caused by metadynamic
recrystallization, whereas the fine-grained structure of the steel
after the last deformation at a temperature of 850°C is a result
of dynamic recrystallization. Further refinement
of the microstructure can be obtained by isothermal holding
of the steelss in a finishing hot-working temperature for about
16s. In case of applying the lower deformations 4x0.23
and 4x0.19 often used in finishing stages of hot-working,
the process controlling work hardening is dynamic recovery
and a deciding influence on a gradual grain refinement
of microstructure has statical recrystallization occurring during
intervals between successive stages of deformation and after
its finish as well.

High-manganese austenite with a low SFE has a low
tendency to dynamic recovery and forming a distinct cellular

dislocation structure. Repeated recrystallization
and corresponding grain refinement causes that the
thermo-mechanically  processed steel is characterized

by uniform structure of y phase without ¢ martensite plates.
The fine-grained structure has influence on a phase composition
of steel and should increase mechanical properties during
subsequent cold plastic deformations.
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