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Abstract

Purpose: The work consisted in investigation of newly efabed high-manganese austenitic
steels with Nb and Ti microadditions in variablenddions of hot-working.
Design/methodology/approach: The force-energetic parameters of hot-working were
determined in continuous and multi-stage compressist performed in temperature range of
850 to 1100°C using the Gleeble 3800 thermomechasimulator. Evaluation of processes
controlling work-hardening were identified by mistaucture observations of the specimens
compresses to the various amount of deformatiorD.P@x 4x0.23 and 4x0.19). The
microstructure evolution in successive stages @drdeation was determined in metallographic
investigations using light, scanning and electrdoroscopy as well as X-ray diffraction.
Findings: The investigated steels are characterized by hajhes of flow stresses from 230 to
450 MPa. The flow stresses are much higher in coisga with austenitic Cr-Ni and Cr-Mn
steels and slightly higher compared to Fe-(15-25@ays. Increase of flow stress along with
decrease of compression temperature is accompayedranslation ofeyg, Strain in the
direction of higher deformation. Results of the tirgthge compression proved that applying
the true strain 4x0.29 gives the possibility tanmefthe austenite microstructure as a result of
dynamic recrystallization. In case of applying tbever deformations 4x0.23 and 4x0.19, the
process controlling work hardening is dynamic remgvand a deciding influence on a gradual
microstructure refinement has statical recrystation. The steel 27Mn-4Si-2Al-Nb-Ti has
austenite microstructure with annealing twins aweng fraction ok martensite plates in the
initial state. After the grain refinement due tamgstallization, the steel is characterized by
uniform structure of phase without martensite plates.

Research limitations/implications: To determine in detail the microstructure evolaotiuring
industrial rolling, the hot-working schedule shoutike into account real number of passes
and higher strain rates.
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Practical implications: The obtained microstructure — hot-working relagbips can be useful
in the determination of power-force parameters @ftolling and to design a rolling schedule
for high-manganese steel sheets with fine-grainedemitic structures.

Originality/value: The hot-deformation resistance and microstructa®lution in various
conditions of hot-working for the new-developedhhiganganese austenitic steels were
investigated.

Keywords: High-manganese steel; Hot-working; TRIP/TWIP  steel Dynamic
recrystallization; Static recrystallization; Grairefinement

Reference to this paper should be given in the following way:

L.A. Dobrzaiski, W. Borek, Hot-working of advanced high-manganaustenitic steels, in
L.A. Dobrzaiski (ed.) Effect of casting, plastic forming orfsue technologies on the structure
and properties of the selected engineering matgri@pen Access Library, Volume 1, 2011,
pp. 55-88.

1. Introduction

The beginning of XXI century has brought a develepmof new groups of steels to be
applied for sheets in automotive industry. Fromdkpect of materials, this development has
been accelerated by strong competition with norahauminium and magnesium alloys as
well as with composite polymers, which meaninguscessively increasing. From the aspect
of ecology, an essential factor it is to limit tlenount of exhaust gas emitted into the
environment. It's strictly connected to the fuehsamption, mainly dependant on car weight
and its aerodynamics. Taking into consideratiorrdased quantity of accessories used in
modern cars, decreasing car’'s weight can be aatiseely by optimization of sections of
sheets used for bearing and reinforcing elementsedisas for body panelling parts of a car.
Application of sheets with lower thickness presegvproper tautness requires using sheets
with higher mechanical properties, however keepidgquate formability. Steels of IF and BH
type with moderate mechanical properties and higbceptibility to deep drawing were
elaborated for elements of body panelling [1]. Tighest application possibilities belong to
DP-type steels with ferritic — martensitic micrastiure. Their mechanical properties can be
formed in a wide range, controlling participatioh martensite arranged in ferritic matrix.
Sheets made of these steels are widely used foringeand reinforcing elements [2].
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In comparison to steels with ferritic microstruetuhey are characterized by high value of
hardening exponent n, what decides about theingtsirain hardening during sheet-metal
forming [3].

Nowadays, apart from limiting fuel consumption, Gpé pressure is placed on increasing
safety of car's passengers. Constructional solatiand steels used in the frontal part of a
vehicle are the most significant due to the pobsibof accident occurrence. The goal of
structural elements such as frontal frame side neesplibumpers and the others is to take over
the energy of an impact. Therefore, steels thatiaeel for these parts should be characterized
by high product of UTS and UEI, proving the abildy energy absorption. Among the wide
variety of recently developed steels, high-mangarasstenitic TRIP/TWIP steels with low
stacking faulty energy (SFE) are particularly prsimj, especially when mechanical twinning
occurs [3-6]. Beneficial combination of high strémgnd ductile properties of these steels
depends on structural processes taking place dwdhd) plastic deformation, which are a
derivative of stacking fault energy (SFE) of auggndependent, in turn on the chemical
composition of steel and deformation temperaturé,[Z-10]. In case, when SFE is equal from
12 to 20 mJ, partial transformation of austenite into martensiccurs, making use of TRIP
effect (TRansformation Induced Plasticity) [1-4, 8alues of SFE from 20 to 60 mJm
determine intense mechanical twinning connectedTWIP effect (TWinning Induced
Plasticity) [5-10]. The steels cover a very wideboa concentration in a range from about 0.03
to 1 wt.%, 15-30% Mn, 0-4% Si, 0-8% Al.

The best conditions for obtaining the total elofgaup to 80%, due to a gradual increase
of mechanical twins, acting as obstacles for daion glide, occur when the carbon
concentration is in the range of 0.4-0.8% and maeg@a from 17 to 22% [5, 11, 12]. However,
high carbon content may lead to formation of;GMand M3sCs-type carbides, which
precipitating on austenite grain boundaries negjtiaffect the strength and toughness of the
steel [11]. Moreover, in the Fe-(17-22) Mn-(0.4Q)steel grades, besides the formation of
deformation twins during straining, a technolodigalndesirable jerky flow, which presents
the features of dynamic strain aging and PLC (RorteeChatelier) effect is observed [6].
Because of these reasons, Frommeyer et al. [1lefloged a group of high-manganese steels
with carbon content, less than 0.1%. Lower hardgwine to decreased carbon concentration
was compensated by Si and Al additions, which togretvith Mn decide about SFE of the
alloy and the main deformation mechanism. In a odiddn > 25%, the mechanical properties
are mainly dependent on TWIP effect [1, 3, 13] &mdMn < 20%, a process influencing a
mechanical properties level is strain-induced nmaite transformation of austenite [2-4]. For
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the latter the initial structure is consistedygfhase as a matrix, some fractioreahartensite
and sometimes ferrite [2-4].

Results of our earlier investigations [14-17] iradiE thate martensite plates can appear in
the initial structure of the (0.04-0.05) C-25Mn-23il alloys as a result of Nb and Ti
microadditions. The amount of C combined in preaatgid carbonitrides reduces its content in
the solid solution, thus decreasing the SFE ofemit&t and resulting in a presence eof
martensite despite high manganese concentratitimeiinvestigated steels. It was found [16-
18] that the fraction of martensite plates is also dependent on a graégndadithey phase and
hot-working conditions. It was also observed tlieg fraction of mechanical twins within the
austenite grains corresponds to the initial grage,sand at the same time affects the
mechanical properties [5].

The hot-working behaviour of high-manganese staglsof primary importance for
elaborating manufacturing methods consisted ofrbiing and successive cooling to room
temperature. However, their hot work hardening amcrostructural evolution controlled by
thermally activated processes removing it, did d@w much attention compared to cold-
working behaviour. Niewielski [19] compared thewiaesistance of the 0.5C-17Mn-16Cr
austenitic steel with conventional stainless stéel8-8 type. He observed that the hardening
intensity of Cr-Mn steel is much higher than inea$ Cr-Ni steel. The difference in a course
of work-hardening comes from a different ability diflocations to splitting and association
during straining.

High strain hardening rate is a result of the abitif manganese austenite for dislocation
dissociation in the initial deformation stage [29]. The reason for high hardening intensity of
Cr-Mn steel are much higher flow stress values aren to Cr-Ni steel, however at lower
deformation value of.. corresponding to maximal flow stress. For examible,yield stress
of the Cr-Mn steel hot-twisted at a temperaturd B30°C with a strain rate of 1ds equal to
134 MPa for the value,.x = 0.18 and increases to 280 MPasdgqy, = 0.23 with decreasing the
deformation temperature to 900°C [19]. Cabanas. 23] investigated the retarding effect of
Mn content up to 20 wt.% on the grain boundary atign and dynamic recrystallization in
binary Fe-Mn alloys. The influence of Al addition the flow behaviour of 0.1C-25Mn-(0-8)
Al alloys was the aim of investigations undertakgnHamada et al. [22, 23]. They found that
flow resistance is slightly higher for the 25Mn3idan for the 25Mn steel. Moreover, they
observed that the flow stress of the austenitigyallcontaining Al up to 6% is much higher
compared to the steel containing 8% Al with a dup#ustenitic-ferritic structure [22].
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Investigation results by Hamada et al. [22, 23heé®at al. [24] on 0.13C-29Mn-2.4Al steel
and Kliber et al. [25] on (0.6-1)C-(17-20)Mn steetsfirmed the high work hardening rate of
high-manganese alloys in the deformation range daWen €., likewise for Cr-Mn steels
investigated by Niewielski [19].

For manufacturing methods elaborating, it is esglgcimportant that relatively low values
of emax give the opportunities to refine austenitic staues in successive stages of hot-working.
Unfortunately, the flow resistance of high-Mn sgeisl usually investigated under conditions of
continuous compression or torsion [20-25]. To daiee the softening kinetics, the double- or
triple-deformation tests are rarely carried out,[28]. Hot-rolling of sheets consists of many
passes characterized by the changing amount ofrdafmn and strain rate from pass to pass.
This means that the flow stresses should be datedrduring multi-stage straining testing and
for various deformation values. In earlier inveatigns [14-16, 26, 27] we characterized the
force-energetic parameters of hot-working of newedeped low-carbon high-Mn-Si-Al steels
in continuous and four-stage compression tests.alineof the paper is to describe in details
the microstructure evolution and phase compositén0.04C-27Mn-4Si-2AI-Nb-Ti steel
subjected to four-stage compression with variouswarhof deformation.

2. Experimental procedure

Investigations were carried out on two high-manganeaustenitic Mn-Si-Al steels
containing Nb and Ti microadditions (Table 1). Meltere prepared in the Balzers VSG-50
vacuum induction furnace. After homogenization 200°C for 4 h to remove the segregation
of Mn, ingots with a mass of 25 kg were submitteddpen die forging on flats with a width of
220 mm and a thickness of 20 mm. Then, cylindrioachined samplegl10x12 mm were
made. In order to determine the influence of terafpge on a steel grain growth, samples were
solution heat-treated in water from the austemizemperature in a range from 900 to 1100°C
(Fig. 1). Determination of processes controllingrkvbardening was carried out in continuous
axisymetrical compression test using the DSI Gled800 thermomechanical simulator, used
as laboratory equipment of the Institute for Fesrddetallurgy in Gliwice [28, 29]. The stress
— strain were defined in a temperature range fréMt® 1050°C with a strain rate of 16.s

In order to determine-e curves, the four-stage compression tests weréedaout. The

temperatures of the successive deformations wed8,11050, 950 and 850°C. The details of
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the hot-working are given in Table 2. To simulaégious conditions of hot-rolling, the amount
of true stain were 0.29, 0.23 and 0.19. The tim#efisothermal holding of the specimens at a
temperature of the last deformation was betweendd6d s. The specimens were inserted in a
vacuum chamber, where they underwent resistand@bealantalum foils were used to
prevent from sticking and graphite foils used ahkil&icant. The processes controlling the
course of work-hardening were evaluated on a bafsike shape of-€ curves and structure
observations of the specimens water-quenched oferelit stages of compression. To
determine metallographically recrystallization pegs at the interval between passes, a part of
the specimen was water-cooled after isothermalihgldf the specimens compressed at 900°C
and 1000 °C with the amount of true strain of Ga28l 0.5 and a strain rate of 18 s

Table 1. Chemical composition of the investigated steetssnfraction
Designation C Mn Si Al P S Nb Ti N
27Mn-4Si-2AI-Nb-Ti 0.040| 275 4.18 1.96 0.002 0.010.033| 0.009| 0.002
26Mn-3Si-3AIl-Nb-Ti 0.065| 26.0| 3.08 2.87 0.004 0.018.034| 0.009| 0.002

0]

[e2)

Table 2. Parameters of the thermo-mechanical treatmentiedrout in the Gleeble simulator
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No oc o [a)] o a i " £
T o Prs| Vil | T2 o o |Va| 2 | Ta o P3| Val| e | Ta o By |2
°C 1 |°CH{ s |°C st |°Cls| s |°C st |°Cls| s | °C st
1|1100|11000.20| 7 | 5 | 10|105¢0.29| 8 | 10| 10| 9500.20| 9 | 14| 7 | 850029 | 10| 0
2| 1100(11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7| 850 029| 10| 4
3| 1100(11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7| 850029 | 10| 16 foi
]
4| 1100|11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7 | 850029 | 10| 32 E
5| 1100(11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7| 850 029 | 10| 64
6| 1100(11000.29| 7 | 5 | 10 1051)0.29 8 | 10| 10| 9500.29| 9 | 14| 7
7| 1100(11000.23| 7 | 5 | 10 1051)0.23 8 | 10| 10| 9500.23| 9 | 14| 7 | 8500.23| 10 | 32
8| 1100(11000.19| 7 | 5 | 10 1051)0.19 8 | 10| 10| 9500.19| 9 | 14| 7 | 850019 | 10 | 32

T, — austenitizing temperature; T T, — deformation temperatures, - ¢, — true strains, ¥..- V4 —
cooling rates between deformations,-tt; — times between deformationgete,— time of the isothermal
holding of the specimens at a temperature of 850°C
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Figure 1. Parameters of the preliminary hot upsetting tests

Metallographic investigations were performed on CEIMEF4A optical microscope. In
order to reveal the austenitic structure, samplesevetched in nitric and hydrochloric acids
mixture in 2:1 proportion as well using a mixturfendtric acid, hydrochloric acid and water in
2:2:1 proportion. The structure of the investigatddel was also characterised using the
SUPRA 25 scanning electron microscope and the JHBEM 3010 transmission electron
microscope working at accelerating voltage of 390 KEM observations were carried out on
thin foils. The specimens were ground down to feiith a maximum thickness of 80 um
before 3 mm diameter discs were punched from teeisgens. The disks were further thinned
by ion milling method with the Precision lon Polisth System (PIPS™), using the ion milling
device (model 691) supplied by Gatan until one orerholes appeared. The ion milling was
done with argon ions, accelerated by voltage df\ 5

3. Results and discussion

Melted steels possess diversified initial structagresented in Fig. 2 and Fig. 3. The new-
developed 26Mn-3Si-3AI-Nb-Ti steel in the initialate is characterized by homogeneous
microstructure of austenite with a grain size ingafrom 100 to 15Qm, in which numerous
annealing twins can be identified (Fig. 2a). Singifemse microstructure of the steel is
confirmed by X-ray diffraction pattern in Fig. 2b.
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Figure 2. Austenitic microstructure with numerous annealiwmns of the 26 Mn-3Si-3Al-Nb-Ti
steel in the initial state (a) and X-ray diffraatipattern (b)

The structure of the investigated 27Mn-4Si-2Al-Nbsteel in the initial state after forging
is shown in Fig. 3. Increased concentration ofcsili up to 4% and its influence on the
decreasing of the stacking fault energy of austengisult in the presence of some fractiom of
martensite in the austenite matrix containing mamyealing twins. The martensite is present
in a form of parallel plates inside austenite gsainth a mean grain diameter of about 120
(Fig. 1b). The martensite plates are hampered bieaite grain or annealing twins boundaries.
The presence & martensite is confirmed by X-ray diffraction pattén Fig. 3b.
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Figure 3. X-ray diffraction pattern (b) and the austeniteusture with many annealing twins and
parallel £ martensite plates of the investigated steel 278in2Al-Nb-Ti in the initial state (a)

Starting point for microstructure analysis of speens that were plastically hot-compressed
in variable conditions are microstructures of stdbjected to solution heat treatment from a
temperature range from 900 to 1100°C. The steetgases fine-grained microstructure of
austenite with grain sizes from 10 to aboutuh7 up to temperature of 1000°C (Figs. 4a, b, c,
Fig. 5). Further increase in solutioning tempemtir 1100°C results in a rapid grain growth
up to about 5Qum (Fig. 4c). This behaviour is connected with altatissolution of NbC
particles above 1000°C, what was investigated disesv[19]. Moreover, numerous annealing
twins can be observed in the microstructure andesivattion ofe martensite plates (Fig. 4).
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Figure 4. Changes of austenite grain size in dependenceropdrature (a) and structures
obtained after solution heat treatment from a terapee: b) 900°C, c) 1000°C, d) 1100°C;
27Mn-4Si-2Al-Nb-Ti steel
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Figure5. Austenitic structure of the 26Mn-3Si-3Al-Nb-Tiedtafter solution heat treatment
from a temperature of 900°C

Microstructure development of 27Mn-4Si-2AI-Nb-Tiest, solution heat treated from
temperature of 850 or 950°C, after application pécified reduction, as well as¢ curves
obtained in continuous compression test are predeantFigs. 6a-h. It arises from Fig. 6a that
the steel is characterized by values of yield stezgual from 240 to 450 MPa in investigated
range of temperature. These values are considenédiier than they are for conventional C-
Mn steels as well as for Cr-Ni and Cr-Mn austerstieels [20].

It proves high strain hardening, which is probabiused by high Mn concentration in
the steel. Additionally, the increase of flow sids influenced by Si and Al additives as
well as Nb and Ti microadditions. Decrease of sttamperature by around 100°C results in
increase of flow stress by around 100 MPa. Alonthweitrain temperature decreasing, the
value ofena, — corresponding to the maximum value of yield stre is translating to a range
of higher deformations. However, it's charactedsthat after strong strain hardening, peaks
of emax are present for relatively low deformation values, from 0.23 to 0.48. It creates
convenient conditions for using dynamic recrystallion for refinement of microstructure,
what is confirmed by fine-grained microstructure stéel, solution heat treated from the
temperature of 950°C after true strain of 0.5 (f6ig). Decrease of true strain to 0.29, close
to emax deformation in Fig. 6a, also leads to the initatiof dynamic recrystallization (Fig.
6¢). Nevertheless, further decrease of reductid208 (true strain equal 0.23) is too low for
initiating dynamic recrystallization (Fig. 6d). Buch conditions, microstructure of steel is
composed of dynamically recovered austenite gralpagated in the direction of plastic
flow with size comparable to the sample solutionthteeated from temperature of 900°C.
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Figure 6. Evolution of the microstructure of 27Mn-4Si-2Al-Wisteel compressed to a various
strain: a) o-ecurve; b) T =950°Cg=0.5; c) T =950°C£=0.29; d) T = 950°C£= 0.23;
e) T=950°Ce=0.91;f) T=850°Ce=0.5; g) T=850°C£=0.29; h) T = 850°C¢£=0.23
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After decreasing compression temperature to 850y, recrystallized microstructure of
austenite with grain size of approximatelyr® was achieved through application of true strain
equal 0.9 (Fig. 6e). Decrease of reduction to 4@%ults in obtaining microstructure of
recrystallized grains of austenite uniformly distried in matrix of dynamically recovered
grains with sizes slightly smaller than for theastrtemperature of 950°C (Fig. 6f). Decrease of
true strain to 0.29 is sufficient for initiation adynamic recrystallization also for the
deformation temperature of 850°C (Fig. 6g), altHodlge value ok, is equal 0.48. It's in
accordance with data presented in [16], in whictvas stated that the initiation of dynamic
recrystallization can occur at critical deformatimalue £.4~(0.5-0.85§,. Solution heat
treatment from temperature of 850°C after trueistod 0.23 doesn’t cause grain refinement of
microstructure as a result of dynamic recrystdilima Microstructure of steel is composed of
slightly deformed grains of dynamically recoveretanite (Fig. 6h).

The o-¢ curves together with microstructures of 26Mn-38I-BIb-Ti steel solution heat
treated from the temperature of 850°C and speciiediction are presented in Figs. 7a-d. The
course ofo-€ curves is almost identical as in case of steaudised above (Fig. 7a). It refers
both to the values of flow stresses and values,gfdeformations. It can be observed in Fig.
7a that the only difference derives from slightbwer values of flow stress for the strain
temperature of 850°C, what can be caused by lowerisn hardening of aluminium when
compared to silicon, which concentration is twiceaier than in 26Mn-3Si-3AI-Nb-Ti steel.
Similarly as for the second steel, true strain &€dqua3 is too low for initiating dynamic
recrystallization (Fig. 7b), which occurs after reasing true strain to 0.29 (Fig. 7c). Still,
significant microstructure refinement requires &gilon of deformation equal 0.5 (Fig. 7d).

Development of microstructure of steel 26Mn-3Si-3k-Ti isothermally held in
temperature of 900°C, after true strain equal @s28resented in Fig. 8. After 4 s of holding,
microstructure is slightly different in comparisevith microstructure of steel solution heat
treated directly after deformation (Fig. 8a). Irage of holding time to 16 s results in obtaining
high participation of recrystallized grains at ttest of dynamically recovered grains (Fig. 8b).
Fast progress of microstructure reconstruction icmisf occurrence of metadynamic
recrystallization, not requiring any period of ibetion. Confirmation of this fact is large
portion of dynamically recrystallized grains aftdeformation with reduction of 25% at
temperature of 850°C (Fig. 7c). Increase of holding to 64 s leads to achievement of highly
fine-grained microstructure of metadynamically atatically recrystallized grains (Fig. 8c).

Successive stages of microstructure developmesteet 27Mn-4Si-2Al-Nb-Ti in function
of isothermal holding time are shown in Fig. 98-he progress of recrystallization of this steel
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is slightly slower, what proves higher contributioh static recrystallization to removal of
strain hardening than in case of steel 26Mn-3SHSBITI.

Stress, MPa

T T T T T !
00 02 04 06 08 1.0 12
Strain

Figure 7. Evolution of the microstructure of 26Mn-3Si-3Al-WNbsteel compressed to a various
strain: a) o-ecurve; b) T = 850°C£=10.23; ¢) T =850°C£=0.29; d) T =850°C£=0.5

The conditions of hot-working additionally influemphase state of steel. Steel 26Mn-3Si-
3AI-Nb-Ti with initial austenitic microstructure kps its stability independently from
conditions of plastic deformation. X-ray diffraatigpatterns for steel 27Mn-4Si-2AI-Nb-Ti
indicate presence of peaks coming frommartensite. However, their intensity connectedwit
participation of this phase differs depending opligol variant of hot-working. The highest
intensity from (101) planes belongs to the sampgi®mined with lowest reduction (Fig. 10a).
Increase of reduction causes decrease of peaksityt¢Fig. 10b, 10c). Isothermal holding for
16 s after deformation at 900°C doesn’t change @hbasmposition of steel 27Mn-4Si-2AI-Nb-
Ti. Still, slight peaks coming from martensite are present (Fig. 10d). Increase dafihgltime
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to 64 s leads to substantial increase of (101) peaksity ofe martensite (Fig. 10e). It means,
that in spite of fine-grained microstructure ofedtbaving impeding impact on growth ef
martensite laths [18], also state of internal sees effectively limited in process of
metadynamic and static recrystallization, decidesuitendency of formation of this phase in
high-manganese steels.

The fraction of the recrystallized phase in intésvhetween successive passes can be
evaluated from Figs. 11 and 12, showing a progoésscrystallization as a function of time
for the specimens compressed in various deformattorditions. It arises from Fig. 11, that
participation of recrystallized phase of 27Mn-4%i-Ab-Ti steel increases along with
increasing deformation temperature and increagedafction. Half-time of recrystallization at
the temperature of 1000°C after deformation witPodd@f reduction is equal 13 s and increases
to 18 s after decreasing strain temperature to @0Dfecrease of reduction to 25% results in
elongation of ¢5 time to 32 s, because of the change of prevajiatjcipation of metadynamic
recrystallization — in removing the effects of hemthg — on behalf of static recrystallization.
Half-times of recrystallization of 26Mn-3Si-3Al-Nbksteel are shorter and are equal — 8, 12 and
17 s, respectively for analogical strain conditi@iaig). 12). It comes from higher participation of
metadynamic recrystallization in removing effectsain hardening, what arises directly from
higher portion of dynamically recrystallized grathging plastic strain (Fig. 7c).

Stress-deformation curves of steels plasticallpaieéd according to the parameters shown in
Table 2 are presented in Figs. 13-15. Applicatidntroe strain equal 0.29 during cyclic
compression creates possibility of the course ofadyic recrystallization, what is indicated by
peaks that can be distinguished ore curves — especially for deformations realized at
temperature of 1100 and 1050°C (Fig. 13). Afterreasing plastic deformation temperature,
maximum ono-¢ curves is present for maximum value of true st(@ig9). Initiation of dynamic
recrystallization at this deformation value is giddially confirmed by microstructures of steels
solution heat treated after deformation in anaklgiconditions of continuous compression
(Figs. 6¢, 6g, 7c). The values of yield stresshia tange of strain temperature from 1100 to
950°C are comparable with values obtained in cantis compression test; however deformation
of steel with lower concentration of Si and Mn riegs slightly lower pressures. Significant
decrease of flow stress is noted for the last dedtion realized at the temperature of 850°C
(Fig. 13). It's a result of partial removal of strahardening through metadynamic
recrystallization that occurs during the intervagétviieen third and fourth deformation.
Additionally, cyclic deformation as well as the of partial recrystallization result in much
faster achievement of maximum ore curve for the fourth deformation when comparingrte
curve of continuous compression at the temperatiusg0°C.
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a) 950°C-25%-4 s — water

b) 950°C-25%-16 s — water

20um
—

¢) 950°C-25%-64 s — water

20um
—

Figure 8. Microstructure evolution of the 26Mn-3Si-3Al-Nbstéel after isothermal holding
fortime:a)t=4s; b)t =16 s; c) t = 64 s; fahe specimens plastically deformed at 900°C,
£=0.29
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a) 950°C-25%-4 s - water

|

Figure 9. Microstructure evolution of the 27Mn-4Si-2Al-Nbstéel after isothermal holding
fortime: a)t=4s;b)t=16s; c) t = 64 s; fdhe specimens plastically deformed at 900°C,
£=0.29
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e) 850°C; £=0.29; t=64s; water
d) 850°C; ==0.29; t=16s; water
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Figure 10. X-ray diffraction patterns for 27Mn-4Si-2Al-Nb-8teel after various variants
of the thermo-mechanical treatment; a) 8508€0.29, t=0 s, b) 850°C&=0.5, t=0 s,
c) 850°C,e=0.91, t=0 s, d) 850°C&=0.29, t=16 s, €) 850°Cs=0.29, t=64 s
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Figure 12. Progress of recrystallization of the 26Mn-3Si-3i-Ti steel isothermally held

after plastic deformation in various conditions
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Figure 13. Stress — strain curves for the specimens plasfickformed 4 x 0.29
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Figure 14. Stress — strain curves for the specimens plagyiciformed 4 x 0.23
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4%0,19 e
300 4
©
o
=
g "
200 -
=
oD
100
Td,=1100°C Td,=1050°C Td,=850°C
O T T T T
0 0.2 0.4 0.6 0.8

Strain

Figure 15. Stress — strain curves for the specimens plasfickformed 4 x 0.19

Decrease of true strain to 0.23 leads to a chahtfeea@ourse of-€ curves (Fig. 14). Shape
of the curves after deformation at the temperatdfir®100 and 1050°C indicate possibility of
initiating dynamic recrystallization. However, deasing the temperature causes that dynamic
recovery is the process controlling strain hardgniMoreover, only partial course of static
recrystallization during cooling of sample betweadbird and fourth deformation results in
increasing the value of yield stress during defdiomaat 850°C. Further decrease of true strain
to 0.19 causes that dynamic recovery is the processolling strain hardening in the whole
temperature range of deformation (Fig. 15), at canable values of yield stress.

The microstructure evolution of steel 27Mn-4Si-2-Ti in different stages of multi-
stage compression is shown in Fig. 16. After defdiom of the specimen at a temperature of
950°C and subsequent cooling for 7 s correspondinghe interpass time, the steel is
characterised by uniform, metadynamically recrjiged austenite microstructure with a mean
grain size of about 2@m and many annealing twins (Fig. 16a). The iniiatof dynamic
recrystallization during the last deformation a¢ ttemperature of 850°C is confirmed by a
micrograph in Fig. 16b, showing an initial state dyfnamic recrystallization. The mean
dynamically recovered austenite grain size dectkéseabout 12um and fine dynamically
recrystallized grains are arranged along austegitén boundaries as well as on twin
boundaries. The similar role of twinning as a natitm and growth mechanism of dynamic
recrystallization was observed by Sabet et al. [@4Fe-29Mn-2.4Al alloy. The repeated
formation of twins during the whole temperaturegarof hot-working may be a reason of
amplification of a number of dynamically recrysizdd grains. The annealing twins are present
both inside large dynamically recovered graims fine recrystallized grains. A low tendency
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) 950°C-7 s - water

Sa¥e 'y

'~ d) 850°C-16 s - water

Figure 16. Austenitic structures obtained after solutionihg steel 27Mn-4Si-2AI-Nb-Ti in

successive stages of the hot-working for the spgw@nnompressed to a true strain 4x0.29

and isothermally held for the time from 0 to 64sneetadynamically recrystallized grains
during the interval between third and fourth defation, b) initiation of dynamic
recrystallization, c¢) grain refinement due to metadmic recrystallization, d) grain
refinement due to metadynamic and static recryigagibn, e, f) fine statically
recrystallized austenite grains
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of high-manganese austenite with a low SFE to dymascovery is confirmed by Fig. 17,
revealing a weakly outlined cellular dislocatiomusture in a region still not subjected to
dynamic recrystallization, despite the true st&if.29, slightly higher than corresponding to a
maximal value of true stress.

The analysis of Fig. 17 allows to reveal the higbgformed austenite structure with a
various density of crystal structure defects, whnside, it is possible to observe regions with
a much lower dislocation density corresponding tstae directly before forming dynamic
recrystallization nuclei. A lack of distinct celéul dislocation structure in metals with low SFE
is due to the necessity of extended dislocationgtombine it to a perfect dislocation before
the cross slip initiation, what requires providiagtivation energy, dependent on normalized

stacking fault energy of phase.

Figure 17. Regions of dynamically recovered austenite wittagous dislocation density of
the steel 27Mn-4Si-2AI-Nb-Ti solution heat-treatexin a temperature of 850°C directly
after the true strain of 4x0.29

Isothermal holding of the steel 27Mn-4Si-2Al-Nb-dfter the deformation at 850°C for 4 s
does not cause any essential modifications of msitoture. The microstructure consists of
fine metadynamically recrystallized austenite gsaamd larger grains in which the process
controlling the work hardening during deformatiorasvjust dynamic recovery (Fig. 16c).
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Increase of isothermal holding of the specimentena@perature of the last deformation for 16 s
leads to growth of new grains as a result of matachic recrystallization and the initiation of
static recrystallization on grain boundaries ofégrflattened austenite grains whose fraction is
still high (Fig. 16d). Further increase in the [mal holding time to 32 s leads to obtain
nearly 60% fraction of metadynamically and staljcabcrystallized microstructure with a
mean austenite grain size of abouuh (Figs. 16e, f).

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

v (111)

initial state

950°C - time 7s - water
// 850°C - time Os - water
/', 850°C - time 16s - water
/, i / 850°C - time 32s - water

7

Intensity
¥ (200)

Figure 18. X-ray diffraction patterns of the steel 27Mn-48i-Rlb-Ti in the initial state and after
different stages of thermo-mechanical treatment

Due to high rolling forces in final passes of shesling, the amount of deformation is
usually reduced. Because of this the four-stagepcession with true strains of 4x0.23 and
4x0.19 were also carried out. Moreover, the appdiedin is sufficient to initiate a course of
dynamic recrystallization. However, decreasing ttempression temperature to 950°C
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causes that the flow stress is slightly higher tredapplied strain value is too low to initiate
dynamic recrystallization. Thus, process contrgllan course of hot-working at 950°C is a
dynamical recovery. Because of a lack of dynamicrystallization in final passes, a
refinement of microstructure requires the use odrially activated, static processes
removing work-hardening. For instance, the micrpbsin Fig. 19 show the austenite
microstructure of the steel isothermally held f@ s3at 850°C after compression with a true
strain of 4x0.23. The fraction of statically rediglized austenite equals approximately 60%
(Fig. 19a). Numerous annealing twins can be obskenvéhe microstructure (Fig. 19b) and a
mean statically recrystallized austenite grainighlr compared to the specimen compressed
4x0.29, where a reconstruction of the microstruetuwas obtained both in static and

metadynamic processes (Fig. 16f).

b) 850°C-32 s - water

Figure 19. Fine, statically recrystallized austenite grainsdalarge statically recovered grains
of the steel 27Mn-4Si-2Al-Nb-Ti solution heat-teghfrom a temperature of 850°C after
isothermal holding for 32 s of the specimen congeéavith the true strain of 4x0.23 (a, b)

Relatively slow progress of static recrystallizatis a result of impeding influence of high
content of solutes on the migration of grain bouieta The statically recovered, deformed
austenite grains have low tendency to form a aallullislocation structure, likewise
dynamically recovered grains (Fig. 17). Inside ¢hgsains, regions characterized by various
dislocation density can be observed (Fig. 20).
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Figure 20. Regions of statically recovered austenite wittadous dislocation density of the
steel 27Mn-4Si-2AI-Nb-Ti solution heat-treated frtira temperature of 850°C after
isothermal holding for 32 s of the specimen comgedswith the true strain of 4x0.23

Figure 21. Fine, statically recrystallized austenite grainsdalarge statically recovered

grains of the steel 27Mn-4Si-2Al-Nb-Ti solution tiraated from the temperature
of 850°C after isothermal holding for 32 s of thieesimen compressed with the true strain
of 4x0.19 (a, b)
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A decrease of true strain to 0.19 causes that dynesnovery is the process controlling
strain hardening in the whole temperature ranggeédérmation (Fig. 15), at similar values of
flow stress in comparison with the specimen defat&0.23. However, the isothermal
holding of the specimen for 32 s is too short tdaob a desired fraction of recrystallized
phase, which equals approximately 15% (Fig. 21a)e,Frecrystallized grains are located
mainly on grain boundaries of large, flattenedis#dly recovered grains (Fig. 21b). Both
recrystallized and recovered grains are bigger thase after applying the true strain being
equal 0.23 (Fig. 19). Once again, numerous anngalimns can be observed in the
microstructure (Fig. 21a, b). The microstructurd=ig. 22 clearly shows that new grains are
located on grain boundaries of large, staticalbokered austenite grains. Moreover, a jerky-
like character of the boundaries of large grains lsa observed. It is a characteristic feature
of a state directly before forming a recrystalliaatnucleus [19].

2pm EHT =20.00 kW Signal A= BSD
WD= Bmm Mag= 600 KX

Figure 22. The fine, statically recrystallized grain on jerklige boundaries of three large,
statically recovered grains of the steel 27Mn-48I-Rb-Ti solution heat-treated from the
temperature of 850°C after isothermal holding f@ S8of the specimen compressed with the
true strain of 4x0.19

Similarly microstructure evolution was observed tloe specimens from 26Mn-3Si-3AI-Nb-
Ti steel deformed in the multi-stage compressish fdicrostructures of steel in the successive
deformation stages and after its finish correspundo o-€ curves are put together in Fig. 23.
After deformation of the specimen at a temperatifir&050°C and subsequent cooling for 10 s
corresponding to the interpass time, the steelh@acterized by uniform, metadynamically
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recrystallized austenite microstructure with amsize of about 4qum (Fig. 23a). Lowering the
deformation temperature to 950°C and the time sff@r cooling the specimen to 850°C results
in much smaller fraction of metadynamically recajisted grains located in a matrix of statically
recovered grains (Fig. 23b). A partial removal obrikvhardening through metadynamic
recrystallization that occurs during the intervaiveeen third and fourth deformation is a result of
significant decrease of flow stress noted for tst Heformation realized at the temperature of
850°C (Fig. 13), compared to the curve obtaineth& continuous compression test (Fig. 7a).
Additionally, cyclic deformations as well as theucge of partial recrystallization cause much
faster achievement of maximum ere curve for the fourth deformation when comparing to
continuous compression at the temperature of 850°C.

The initiation of dynamic recrystallization duririge last deformation at a temperature of
850°C is confirmed by a micrograph in Fig. 23c,wing a partially recrystallized austenite with
a grain size of about 20m. Isothermal holding of the specimen in a tempeeabf the last
deformation for 16 s leads to a remarkably findrgrad metadynamically recrystallized austenite
microstructure with a fraction of about 40%, lochte the matrix of slightly elongated, statically
recovered grains containing numerous annealingstéfiig. 23d). Further extension of holding
time to 32 s leads to obtaining almost fully retaifzed microstructure of steel (Fig. 23e) with a
mean austenite grain size of aboutuhd. Holding of steel in the deformation temperatfiore64
s causes gradual increase of recrystallized gsies (Fig. 23f).

Decrease of true strain to 0.23 during the mu#tgstcompression test leads to changes of
the course of stress-strain curves (Fig. 14). Apshaf the curves during deformation in a
temperature range of 1100-1050°C and true strdesvare comparable to that obtained after
higher strain applying. Moreover, the applied stiaisufficient to initiate a course of dynamic
recrystallization. However, decreasing the compmesemperature to 950°C causes that the flow
stress is slightly higher and the applied strainevés too low to initiate dynamic recrystallizatio
Thus, process controlling a course of hot-workin§%0°C is a dynamical recovery.

Because of a lack of dynamic recrystallizationiimalf passes, a refinement of microstructure
requires the use of thermally activated, static@sses removing work-hardening. For instance,
the micrographs in Figs. 24a,b show the austeriteostructure of the steel isothermally held for
32s at 850°C after compression with a true st@findx0.23. The fraction of statically
recrystallized austenite equals approximately 56%). 4a). Numerous annealing twins can be
observed in the microstructure (Fig. 24b) and amsatically recrystallized austenite grain is
higher compared to the specimen compressed 4x0afre a reconstruction of the
microstructure was obtained both in static and dystamic processes (Fig. 23e).
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%

a) 1050°C-10 s - water
S, R 0

Figure 23. Austenitic structures obtained after solutionihg 26Mn-3Si-3AI-Nb-Ti steel
in successive stages of the hot-working for theispas compressed to a true strain 4x0.29 and
isothermally held for the time from 0 to 64s: a}adgnamically recrystallized grains during the
interval between second and third deformation, &)aatlynamically recrystallized grains during
the interval between third and fourth deformationinitiation of dynamic recrystallization,
d) grain refinement due to metadynamic and staticystallization, e) fine statically
recrystallized austenite grains, f) grain growthaeesult of metadynamic recrystallization
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a) 850°C-32 s - water b) 850°C-32 s - water

Figure 24. Fine, statically recrystallized austenite grainsdalarge statically recovered grains
of the 26Mn-3Si-3AI-Nb-Ti steel solution heat-tezhfrom a temperature of 850°C after
isothermal holding for 32 s of the specimen congmésvith the true strain of 4x0.23 (a, b)

a) 850°C-32 s - water b) 850°C-32 s - water
=N i ] A 4?’; —:F'.:t ‘

Figure 25. Fine, statically recrystallized austenite grainsdalarge statically recovered grains
of the 26Mn-3Si-3AI-Nb-Ti steel solution heat-tezhfrom the temperature of 850°C after
isothermal holding for 32 s of the specimen congmésvith the true strain of 4x0.19 (a, b)

Further decrease of true strain to 0.19 causes diiabmic recovery is the process
controlling work hardening in the whole temperattarge of deformation (Fig. 15), at similar
values of flow stress in comparison with the specindeformed 4x0.23. However, the
isothermal holding of the specimen for 32 s is klmrs to obtain a desired fraction of
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recrystallized phase, which equals approximatel9o2@rig. 24a). Once again, numerous
annealing twins can be observed in microstructackfane statically recrystallized grains wf
phase are located mainly on boundaries of elongatatically recovered austenite grains
(Fig. 24b).

4. Conclusions

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

Elaborated steels are characterized by relativiglly alues of flow stress, equal from 240
to 450 MPa, and values of..x deformation come from a range from 0.23 to 0.48,
corresponding to maximum value of yield stress.{dileshigh value o« at temperature of
850°C, initiation of dynamic recrystallization ocsu already after true strain equal
approximately 0.29, what creates possibility ofimefment of microstructure. Dynamic
recrystallization occurs more intensively in theestcontaining 3%AIl and 3%Si. It also results
in faster course of removing the effects of hardgnin the consequence of metadynamic
recrystallization during isothermal holding of thteel in temperature of 900°C. Removal of
strain hardening effects in steel 27Mn-4Si-2Al-Nbtdkes place mainly with participation of
static recrystallization. The conditions of hot-Wimig additionally influence phase state of
investigated steels. Steel 26Mn-3Si-3Al-Nb-Ti keeptable austenite microstructure
independently from conditions of plastic deformati§teel with initial bi-phase microstructure
keeps a certain portion of martensite, yet depemnataonditions of hot-working. Grain size of
y phase as well as the state of internal stresggsndent on thermally activated mechanisms
removing effects of strain hardening, have decisifleence on precipitation of the phase.

Determined half-times of recrystallization of auste indicate that in the time of intervals
between individual roll passes, partial recrystaliion ofy phase should occur, contributing to
achievement of fine-grained microstructure of steEBhster course of metadynamic
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recrystallization in 26Mn-3Si-3AI-Nb-Ti steel isgivably caused by lower total concentration
of Si and Mn, when comparing to 27Mn-4Si-2Al-Nbsteel.

Taking advantage of dynamic recrystallization asaefctmed by multi-stage compression
results, in which lowering the flow stress in aganfrom 20 to 80 MPa dependent on a
deformation temperature was observed and decretgrgitical strairg,,, to lower values. In
case of applying the true strain 4x0.29, the refiapt of the austenite microstructure during
intervals between successive stages of deformegicaused by metadynamic recrystallization,
whereas the fine-grained structure of the steelr dfie last deformation at a temperature of
850°C is a result of dynamic recrystallization. ther refinement of the microstructure can be
obtained by isothermal holding of the steelss fmighing hot-working temperature for about
16s. In case of applying the lower deformations.230and 4x0.19 often used in finishing
stages of hot-working, the process controlling wheedening is dynamic recovery and a
deciding influence on a gradual grain refinementafrostructure has statical recrystallization
occurring during intervals between successive stafideformation and after its finish as well.

High-manganese austenite with a low SFE has a émslency to dynamic recovery and
forming a distinct cellular dislocation structuiRepeated recrystallization and corresponding
grain refinement causes that the thermo-mechapiqaibcessed steel is characterized by
uniform structure ofy phase withoute martensite plates. The fine-grained structure has
influence on a phase composition of steel and shindrease mechanical properties during
subsequent cold plastic deformations.
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