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Abstract  In the present study, 10% and 30% cold rolled Fe-21Mn-3Si-3Al-0.06C TWIP steels have been annealed in the 

temperature range of 600-900°C for a short duration of 5 min. Optical and TEM microstructures reveal dislocations, 

micro-shear bands, deformation twins as well as interaction of dislocations and twins when deformed 10-30% by cold rolling. 

After annealing in the temperature range of 600-800°C, cold deformed austenite structures undergo recovery, whereas 

recystallisation occurs at 900ºC. It is noticed that the hardness, yield strength and tensile strength of the specimens increase 

whereas percentage elongation decreases as the amount of cold rolling reduction increases. Tensile test results show 

improvement in ductility and decrease in tensile strength of cold rolled samples subjected to annealing at 600°C. 30% cold 

rolling and annealing can be considered as an effective method to obtain submicron grain with an attractive combination of 

strength and ductility.  
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1. Introduction  

In the current century, advanced automobile researchers 

pay much attention on light weight vehicle which boosts fuel 

economy along with the reduction in emission of greenhouse 

gases. Substantial weight savings is possible only through 

extensive research on advanced high strength steel (AHSS). 

In order to fulfil this optimal combination, a variety of 

Advanced High Strength Steels (AHSS) has been developed 

such as Dual Phase (DP), Complex Phase (CP), 

Transformation Induced Plasticity (TRIP) and most recently, 

Twinning Induced Plasticity (TWIP) steels. Among the 

wide variety of recently developed steels, TWIP steel with 

light weight and high tensile strength along with adequate 

formability has become favourable to researchers due to its 

low stacking fault energy (SFE) and twinning effect [1]. 

High manganese TWIP steels have a good potential to 

manufacture such as structural reinforcements and energy 

absorption parts in the automotive industry.   

TWIP steel possesses a fully austenitic structure at room 

temperature mainly due to its high content of Mn which can 

be a range up to 17-30 wt% [2]. Below 17 wt%, it can’t 

suppress   α transformation [3]. Mn is not only an 

effective austenite stabiliser but also an element which 

increases SFE of TWIP steels. Apart from Mn, other 

ingredients such as C, Si, Al etc are added to this type of  
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steel. In general, addition of Al increases SFE and strongly 

suppress γ → α transformation so that the formation of 

deformation twin is favoured. In contrast, Si decreases SFE 

and sustains γ → α transformation during cooling and 

deformation.  

The explanation for high strength and ductility of TWIP 

steels is still controversial. Some authors quantify this due 

to dynamic strain aging (DSA) mechanism [4], interpreted 

as the interaction between C–Mn bonds and mobile 

dislocations and some other justify it by its twinning 

mechanism [5]. During plastic deformation, deformation 

twinning plays a key role for this class of materials and the 

deformation mechanisms are closely related to the SFE of 

the austenitic phase. As the strain increases, the occurrence 

of twins reduces the mean free path of dislocations [6].    

Cold working is generally applied to metals and alloys 

having high ductility [7]. The dislocation density as well as 

deformation twins increase with increasing amount of cold 

deformation in TWIP steel which results in improvement in 

strength achieved by dislocation-dislocation interaction as 

well as the interaction of dislocations with twin boundaries. 

However, greater deformation exhibits lowering ductility 

which can be improved by subsequent recovery treatment. 

It has been found that nano-scale mechanical twins have a 

thermal stability during recovery treatment [8].  

The purpose of this paper is to get a comprehensive 

understanding of the extensive microstructural observation 

after recovery and partial recrystallisation. These include 

studies of the present investigated steel in primarily cold 

rolled and annealed conditions. Several characteristics 
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features of recovery and recrystallisation are described. 

Attempt has been made to get a correlation between 

processing-microstructure and mechanical property and 

finally the properties of the developed steel have been 

compared with high strength automotive steels. The present 

study also pays attention to the stability of mechanical twins 

at elevated temperature.   

2. Experimental  

2.1. Materials Preparation 

A 25 kVA air induction furnace was used to manufacture 

the investigated steel with the chemical composition as listed 

in Table 1. After cropping the top section of the ingot 

containing shrinkage/pipes, the remaining ingot of 200 mm × 

50 mm  50 mm size was hot forged down to 16 mm thick 

slab, which was further soaked at 1200C for 40 minutes and 

subsequently rolled down to 8 mm thick plate in three passes 

with the finish rolling temperature (FRT) of 800C. The hot 

rolled and air cooled (AC) samples were solution treated at 

1040C for 1h to remove any inhomogeneities followed by 

water quenching to room temperature. Subsequently, the 

above solution treated samples were cold rolled by 10-30% 

reduction in thickness in several passes using a laboratory 

scale rolling mill. These samples were then suitably annealed 

in the temperature range of 600°C to 900°C for a fixed 

duration of 5 minutes followed by water quenching.   

Table 1.  Chemical composition of the investigated TWIP steel (wt. %) 

C Mn Si Al S P Fe 

0.06 21.5 3.11 3.56 0.009 0.008 Bal. 

2.2. Experimental Procedures  

The Vickers hardness (HV) values of the samples after 

cold deformation and annealing treatments were evaluated in 

a Vickers hardness tester (Leica-VMHT) using 2 kg load for 

20s dwelling time and were shown in Table 2. ASTM E8M 

standard was followed to prepare sub-size tensile specimens 

having gauge length of 25 mm and the tests were carried out 

in an Instron 5900R testing machine using an extensometer 

with a crosshead speed of 0.5 mm/min. At least three 

specimens were tested and the average values were reported 

in Table 3. Both cold rolled and annealed samples were 

prepared by the conventional metallographic techniques and 

etched with 10% nital solution to reveal the microstructure of 

the specimens under the optical microscope (Carl Zeiss, 

AXIOVERT 40 MAT). For transmission electron 

microscopy, typical 3 mm diameter thin (~ 80 µm thick) 

discs were subjected to twin jet electro-polishing using a 

mixture of electrolyte of 90% acetic acid and 10% 

perchloric acid at a temperature of about 10-12C. The thin 

electron transparent samples were examined in a high 

resolution transmission electron microscope (HRTEM) 

(Tecnai G2) at 200 kV operating voltage.  

Table 2.  Hardness values of different cold deformed specimens subjected 
to annealing at various temperatures 

Sample 

ID 

Hardness (HV) 

Before 

annealing 
600 °C 700 °C 800 °C 900 °C 

10% CD 244 ± 5 196 ± 5 189 ± 3 185 ± 3 169 ± 3 

30% CD 320 ± 3 314 ± 4 304 ± 4 291 ±3 182 ± 3 

ID: Identification, CD: Cold deformation 

Table 3.  Tensile test results of different samples 

Processing condition 
YS 

(MPa) 

UTS 

(MPa) 
YR 

TEL 

(%) 

Toughness 

(MPa) 

HR+AC (0% CD) 275 480 0.57 55.8 252.77 

HR+AC + 10% CD 744 865 0.86 34.1 254.8 

HR+AC+ 30% CD 837 926 0.90 29.1 207.7 

HR+AC+ 10% CD + 

Annealed (600°C, 5 

min.) 

493 662 0.46 48.2 264.5 

HR+AC+ 30% CD + 

Annealed (600°C, 5 

min.) 

654 812 0.81 43.3 297.4 

3. Results   

3.1. Microstructure Evolution  

Figure 1(a) shows the optical micrograph of hot rolled - air 

cooled sample depicting equiaxed austenite grains with some 

annealing twins (AT). Ferrite phase of brighter contrast is 

apparent along the grain boundary of austenite grain. Some 

inhomogenities /intergranular carbide precipitates may be 

segregated with the above ferrite phase. Similar types of 

microstructural constituents were reported earlier in case of 

dual phase TWIP steel [9]. Figure 1(b) shows the optical 

micrograph of hot rolled and solution treated (1040C, 1h) 

specimen revealing fully austenitic structure with annealing 

twins. It may be mentioned that the above solution treatment 

is essential to remove the heterogeneities associated with the 

hot rolling operation. Figure 1(c) shows the optical 

microstructure of 10% cold deformed (CD) sample which 

exhibit both annealing twin (AT) and deformation twins 

(DT). 30% cold deformed sample reveals predominantly 

higher amount of deformation twins (Fig. 1(d)). In this 

context, it is obvious that increasing amount of deformation 

leads to more deformation twins in structure. It is important 

to note that deformation/mechanical twins are finer 

compared to annealing twins and they are activated within 

grains and are blocked by grain boundaries.  

Figures 2(a) to (d) show the optical micrographs of hot 

rolled - air cooled and 10% cold deformed samples after 

annealing at 600°C to 900°C for 5 minutes. The occurrence 

of recrystallised grains is strongly dependent on 

temperature. Annealing at 900°C leads to recrystallisation 

of the deformed austenite grains. The regions with higher 
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deformation have high density of dislocation and twins are 

almost identical from adjacent regions during recovery 

600°C to 800°C. It is obvious that while at lower 

temperature regime (600°C-800°C) recovery has taken 

place (Fig. 2(a) - (c)), recrystallisation is perceptible at 

higher temperture (900C) (Fig. 2(d)). Presence of 

nano-scale mechanical twin in the temperature range of 

600C- 900C indicates its thermal stability during 

annealing treatment.   

Figures 3(a) to (f) show the TEM micrographs of 10% 

cold rolled specimen subjected to annealing at 900ºC for 5 

minutes. Figure 3(a) exhibits commencement of recovery 

with some evidence of formation of parallel microshear 

bands i.e., narrow sheet-like regions of concentrated plastic 

deformation, which may be induced during dislocation slip 

[10]. Figure 3(b) reveals the dislocation cell structure 

indicating progress of recovery. Grain boundaries emit 

bundles of stacking faults as shown in Fig. 3(c). Figure 3(d) 

reveals deformation twins of few nanometer (<100 nm) 

thickness. Annealing at 900°C leads to the formation of 

recovered grain with annealing twins (Fig. 3(e)). Figure 3(f) 

reveals partially recrystallised submicron grain along the 

deformed austenite grain boundary. Thus, the detailed TEM 

investigation coorborates the microsrtuctural observation in 

optical microscope.  

Figures 4(a) to (d) reveal optical micrographs of hot 

rolled - air cooled and 30% cold deformed samples 

subjected to annealing in the temperature range of  600°C - 

900°C for 5 minutes showing characteristics features 

developed during annealing. Annealing in the temperature 

range of 600C-800C primarily indicates recovery, 

whereas the same at 900°C leads to recrystallisation of the 

deformed austenite grains. In Fig. 4(d), it has been noticed 

that the recrystallised area of 30% CD and annealed at 

900°C is more than that shown in Fig. 2(d) for 10% CD and 

annealed at 900°C. Such kind of observation may be related 

with the fact of higher degree of recrytallisation (Fig. 4(d)) 

as the driving force associated with 30% deformation is 

higher [11]. In Figs. 4(a) to (d), it can be observed that 

mechanical twins which has been formed by cold rolling at 

room temperature are stable up to the perceptible 

recrystallisation temperature (900°C).   

Figures 5(a) to (f) show the TEM micrographs of 30% 

cold rolled specimen subjected to annealing at 900ºC for 5 

minutes. Annealing at 900°C leads to partial 

recrystallisation of the deformed austenite grains and 

thereby submicron austenite grains are observed in the 

microstructure (Fig. 5(a)). Figure 5(b) shows dislocation 

pileup along the grain boundary indicating recovery 

phenomenon. Grain boundaries emit bundles of wider 

stacking faults [12] as shown in Fig. 5(c). Figure 5(e) 

confirms twinned spot (indicated by arrow) in the selected 

area electron diffraction (SAED) pattern taken from the 

denoted circular area shown in Fig. 5(d). Figure 5(f) reveals 

twin-stacking faults (SFs) interaction. It is also apparent that 

the thickness of mechanical twins are of a few tens of 

nanometer. The presence of twins and stacking faults 

indicate the progress of recrystallisation [13] for 30% CD 

samples subjected to annealing at 900°C for 5 minutes. 

However, strain free fully recrystallised grain structure may 

be expected to be formed at higher annealing temperature or 

at higher duration than 5 minutes at 900C.    

Figure 6 shows the schematic illustration of progressive 

twin density obtained after cold rolling and it also reveals 

submicron grain associated with deformation twins after 

annealing.  
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Figure 1.  Optical micrograph of (a) hot rolled – air cooled with 800C FRT, (b) hot rolled and solution treated (1040C, 1 h) specimen, (c) 10% cold 

deformed sample shows annealing twin (AT) and deformation twins (DT) and (d) 30% cold deformed sample reveals higher amount of deformation twin 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.  Optical micrograph of hot rolled - air cooled and 10% cold deformed samples subjected to annealing for 5 minutes at  (a) 600 °C, (b) 700°C, 

(c) 800°C and (d) 900°C 
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Figure 3.  TEM bright field (BF) micrograph of 10% cold rolled and annealed (900°C, 5 min.) specimen showing (a) onset of recovery, (b) dislocation cell 

structure indicating progress of recovery, (c) twin-stacking faults (SFs) interaction, (d) deformation twins (DT), (e) recovered cellular region with annealing 

twins (AT) and (f) partially recrystallised submicron grain (denoted by arrow) along the deformed austenite grain boundary 
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Figure 4.  Optical micrograph of hot rolled - air cooled and 30% cold deformed samples subjected to annealing for 5 minutes at  (a) 600 °C, (b) 700°C, 

(c) 800°C and (d) 900°C 
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Figure 5.  TEM BF micrograph of 30% cold rolled and annealed (900°C, 5 min.) specimen showing (a) partially recrystallised submicron austenite grain, (b) 

dislocation pile up along the austenite grain boundary, (c) stacking faults (SFs), (d) deformation twin (DT), (e) SAED pattern with the twinned spot (denoted 

by arrow) confirming DT and (f)  twin-stacking faults (SFs) interaction at 900°C 

 

Figure 6.  Schematic illustration showing microstructural changes before and after cold rolling and annealing 
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3.2. Mechanical Property 

3.2.1. Hardness 

Table 2 and Fig. 7 show Vickers hardness values (HV) of 

10% and 30% cold deformed samples before and after 

annealing treatment. It has been already noticed from 

previously described microstructural evolution that by 

annealing treatments at 600°C to 900°C for 5 minutes 

recovery and partial recrystallisation occur and thereby 

hardness values decrease with the increase of annealing 

temperature. The slope of the hardness curve decreases 

prominently after annealing at 700°C and it is more 

predominant in 30% CD than 10% CD samples. It can be 

mentioned that recovery is more prominent than 

recrystallisation within the temperature range of 600°C to 

700°C. At 900°C, the hardness values are minimum for both 

10% and 30% CD samples. This can be attributed to the fact 

that the softening is now dominated by recrystallisation 

instead of recovery. 

3.2.2. Tensile Results  

Table 3 summarises the tensile test results of hot rolled 

and air cooled specimens as well as in different cold 

deformed conditions before and after annealing treatments. It 

is noticed that good combination of high tensile strength and 

total elongation (TEL) can be achieved by cold rolling. It is 

clearly observed that the yield strength (YS) and ultimate 

tensile strength (UTS) of the specimens increase with the 

increasing amount of cold deformation which is in line with 

the earlier reports [14]. The increasing trend of strength 

properties has been found to be more pronounced when the 

specimen was given 30% cold deformation. This type of 

behaviour is attributed to the strain hardening phenomenon 

owing to interaction among dislocations and twins generated 

by cold deformation [15]. After recovery during annealing at 

600°C for 5 minutes, the ductility has been improved (48% 

for 10% CD and 43% for 30% CD specimens) with decrease 

in tensile strength (662 MPa for 10% CD and 812 MPa for  

30% CD specimens). In the mean time, the deformation 

twins induced by cold rolling remain during annealing at 

600C and expected to overcome the loss of strength after 

annealing.  

Figure 8 shows comparison of results obtained from the 

tensile testing of the experimental steels. Figures 8(a) and (b) 

show that 30% cold deformed sample has the maximum YS 

and UTS among all samples. It is evident that with the 

increase in percentage of cold deformation strength value 

increases. Figure 8(c) reveals that after annealing at 600°C 

for 5 minutes the ductility is restored or increasing. Figure 

8(d) indicates that the maximum toughness is achieved in 

case of 30 % cold rolled and annealed (600°C for 5 min.) 

specimen. Low yield ratio (YR) (0.46-0.81) (Table 3) along 

with high strength, obtained after cold deformation and 

annealing, also ensures high energy absorption capacity of 

the steel (toughness) which improves the reliability of the 

steel during operation in service.   
A careful comparison of these results reveals that a 

favourable combination of strength and ductility could be 

achieved due to the formation of recovered grain and 

deformed area obtained after annealing at 600C. These 

results are in agreement with the fact that the cold-worked 

and annealed specimens, with partially recrystallised 

microstructures could retain excellent ductility and strength 

[16].  

 

 

Figure 7.  Hardness versus temperature plots of 10% and 30% cold deformed specimens subjected to annealing at different temperatures for 5 minutes 
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Figure 8.  Comparison of tensile test results (a) Yield Strength (YS), (b) Ultimate Tensile Strength (UTS), (c) Total elongation (TEL) and (d) Toughness of  

cold deformed and annealed (600°C, 5 min.) samples 

4. Discussion  

The microstructure after hot rolling consists of austenite 

and ferrite (Fig. 1(a)) which have been elongated through hot 

rolling. This duplex microstructure is plausibly caused by Al, 

which stabilised the ferrite at the high temperature at which 

the hot rolling was performed. Mn segregation frequently 

occurs for high Mn containing steel and has an influence on 

the microstructural evolution [17]. Mn is an austenite 

stabiliser and, therefore, the ferrite could preferentially form 

in a Mn-lean region.  

The optical micrographs of 10% and 30% cold deformed 

samples comprise fully austenitic structure with annealing 

and deformation twins. It is evident that density of 

deformation twin increases significantly with the increasing 

degree of deformation (Fig. 1). It is important to note that the 

present steel which has been deformed under cold rolling at 

room temperature, a part of the energy of deformation is 

stored as the increase in the dislocation density and the 

balance is consumed in forming deformation twins (Fig. 3). 

It is known that recovery of deformed steel is a process that 

takes place prior to recrystallisation during annealing and it 

is generally used to recover the properties up to some 

satisfactory level which dropped during deformation [18]. 

During recovery, dislocations annihilate or rearrange 

themselves in configurations of lower energy [19]. After 

annealing in the lower temperature range of 600-800°C, 

microstructure comprises a mixture of twinned deformed 

grains and dislocation-free recovered grains for both 10% 

and 30% CD samples. Annealing at higher temperature of 

900°C leads to the formation of a mixture of partially 

recrystallised and deformed areas with imperfections like 

stacking faults, annealing and deformation twins (Figs. 3 and 

5). The optical micrographs presented in Figs. 2(d) and 4(d) 

reveal that recrystallisation starts in austenite grain boundary 

region, resulting in the high anisotropy of the microstructure 

[10]. High temperature annealing results in relatively thick 

and distinct grain boundaries along with the low dislocation 

density inside the submicron grains (Figs. 3(f) and 5(a)). 

This could be attributed to the recovery process associated 

with the absorption of dislocations by grain boundaries [20].  

It has been noticed that the recrystallised area of 30% CD 

(d) 
(c) 

(b) (a) 
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and annealed (900°C) sample is more than that of 10% CD 

and annealed (900°C) sample (Fig. 2(d) vis-à-vis Fig. 4(d)). 

In this context, H. S. Zurob et al [21] reported that the 

driving force for recrystallisation is the stored energy of 

deformation, often expressed as:   

𝐸𝑠𝑡𝑜 =
1

2
𝜌𝜇𝑏2       (1) 

Where Esto is stored energy of deformation, ρ is the 

dislocation density, μ is the shear modulus of the matrix and 

b is the burgers vector. D. N. Lee [11] also reported in a 

model that the driving force for recrystallisation is assumed 

to be the stored energy and the maximum stress direction 

becomes the minimum elastic modulus direction on 

recrystallisation. Hence, it is obvious that samples with 

higher deformation (30%) are more responsible for 

recrystallisation during annealing. It has been reported in 

literature [22] that the velocity (v) of grain boundary and in 

turn growth rate (G) of recrystallised grain is given by: 

v = G = MP     (2) 

Where M is the boundary mobility and P is the net 

pressure on the boundary. If the net pressure is divided in two 

parts – (i) driving pressure (Pd) and (ii) retarding pressure 

(Pc), then according to Gibbs-Thomson relationship, the 

retarding pressure on the grain boundary is depicted by:      

Pc = 
2b

R
       (3) 

Where R is the new grain radius; b is the specific energy 

or grain boundary energy. In this literature [22], it has also 

been predicted that if the grain size is 2 μm (R = 1 μm) or less 

then there would be no net driving force for recrystallisation. 

So for very fine grain (twinned grain) there may be very low 

driving force for recrystallisation.  

On the other hand, grain boundary specific energy is 

denoted by:  

b = 
dG

dA
       (4) 

Where b is inversely proportional to grain boundary area, 

dA, i.e., if grain boundary area is large, then the surface 

energy will be low. In an earlier report [23], it has been seen 

that twins result in grain refinement by dividing the original 

grain into twin-matrix lamellae. So the driving force of twin 

free grain is high than a twinned grain for recrystallisation. 

The pressure as well as boundary velocity (v) may not be 

constant during recrystallisation. Therefore, the growth rate 

of recrystallisation is also a complex function of the material 

during annealing.  

Based on the chemical composition of the present steel, 

the SFE has been estimated by thermodynamic calculations 

[24] to be as 24 mJ/m2 and this low SFE plays an important 

role in recrystallisation. During annealing below 900ºC, 

rearrangement of defect structures (dislocation annihilation, 

formation of dislocation cells etc.) takes place in order to 

reduce the strain generated during cold rolling. Dislocation 

dissociation is usually sluggish in low SFE materials. 

However, it is not only dependent on SFE, but also depends 

on temperature as well as amount of deformation where 

thermally activated restoration processes such as dislocation 

climb occurs during deformation. According to L. Bracke et 

al [25], twins remain after annealing at 580ºC because of the 

sluggish recrystallisation rate [13] of Fe–22Mn TWIP steel 

with low SFE. Wang et al [26] reported earlier that the 

thermal stability of the cold-deformed microstructure was 

examined by performing isochronal annealing experiments 

for 1 h at temperatures between 400C and 800°C for 

Fe–30Mn–0.5C steel. 

According to B. Radhakrishnan et al [27], the growth 

velocity of a recrystallisation, G, can be expressed as  

G = kF     (5) 

Where k is the boundary mobility and F is the driving 

force. During recrystallisation, the velocity can increase or 

decrease if the boundary mobility and/or the driving force 

increase or decrease. The recrystallisation velocity depends 

on the boundary mobility. The boundary mobility is 

restricted by twins which is also an important reason for slow 

growth velocity during recrystallisation. The driving force 

increases as the prior cold work is increased. A. F. Padilha et 

al [28] observed for austenitic stainless steel, deformation 

twinning is also dependent on SFE and low SFE favours 

deformation twinning. However, different alloying concepts 

with similar SFEs result in different recrystallisation rate. In 

agreement with an earlier report [29], it may be mentioned 

that the twin boundary has a lower driving force than grain 

boundary during recrystallisation which results in thermal 

stability of twins. In this context, it is reasonable to conclude 

that as long as cold deformation is induced, the existence of 

mechanical twin is possible. A comparison with the earlier 

published results [30] indicates that there is no significant 

difference in the appearance of mechanical twins with those 

twins remaining after annealing at 900ºC (Figs. 3(d) and 

5(d)).  

It has been noticed that microstructural evolution 

indicating recovery at 600-800°C and partial 

recrystallisation [31] at 900°C can be confirmed by hardness 

evaluation (Fig. 7). During annealing, lowering in hardness 

and strength with the increase in ductility are more 

significant (Table 3 and Fig. 7) due to the possible lowering 

of dislocation density and associated strain. It is interesting 

to note that within the chosen range of annealing temperature, 

strengthening of material is mainly controlled by mechanical 

twins. Such type of twins which are originated from the 

austenite grain boundaries (Fig. 3(c)) [32] act as major 

obstacles for dislocation gliding [33]. It is also obvious that 

there is no evidence of twin growth even at 900ºC which is in 

good agreement with the earlier report [21].   
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Table 4.  Mechanical properties of some of the advanced automotive steels  

Processing/steel HV YS (MPa) UTS (MPa) TEL (%) 

DP steel [35-37] 

[C, 0.09–0.21; Si, 0.03–2.48; Mn, 0.26–2.05 (wt%)] 
160 - 300 265 - 620 465 - 984 11 - 42 

TRIP steel [38, 39] 

[C, 0.1; Si, 0.12; Mn, 5.18–7.09 (wt-%)] 
240–440 525–900 750–1400 6 - 40 

Multiphase steel(Q&P) [40] 

0.19C, 1.61Mn, 0.35Si, 1.1Al, 
180 504 969 24 

 

The newly formed partially recrystallised submicron 

austenite grains through nucleation and growth mechanism 

lead to a relatively high ductility. According to G. Dini et al 

[18], the presence of submicron grains in the partially 

recrystallised microstructure is probably due to a high 

density of accumulated dislocations during cold rolling 

which results in limited dynamic recovery in TWIP steel 

with low SFE. Wang et al [34] reported that a mixture of both 

ultrafine and fine grains may be also effective in achieving 

the best mechanical property of the steel. It is obvious that 

the decrease in hardness of 30% CD sample is more 

prominent than that of 10% CD sample at 800°C. Dislocation 

annihilation plays a much important role than 

recrystallisation on the decrease of hardness during this 

temperature. It appears that cold rolling and annealing 

treatment is the effective method to obtain submicron grain 

(Fig. 5(a)) in deformed TWIP steel with an excellent 

combination of strength and ductility (tensile toughness).   

Table 4 represents hardness and tensile results of some of 

the advanced automotive steels. It is also interesting to note 

that the investigated hot rolled, cold rolled and cold rolled 

plus annealed steels are comparable with the DP, TRIP and 

multiphase steels (Table 3 vis-à-vis Table 4). Moreover, the 

current steel has yielded a significantly higher level of 

strength as compared to the conventional AHSSs at a much 

lower level of carbon (0.06 wt%). Usually cold rolled steel 

having large residual stress exhibits premature failure with 

low ductility. However, the residual stress is expected to be 

relieved during annealing at 600C which is reflected in 

good combination of strength and ductility (Table 3). It is 

noteworthy that different cold rolling reductions and more 

annealing schedules are required for detailed observation in 

this regard. 

5. Conclusions 

Based on the above results, the major conclusions can be 

derived as follows:  

1. Optical and TEM micrographs of 10% and 30% cold 

deformed samples exhibit dislocations, micro-shear 

bands, nano-scale (<100 nm) deformation twins as well 

as interaction of dislocations and twins. 30% cold 

deformed sample reveals higher amount of deformation 

twins than those of 10% cold deformed specimen.   

2. Microstructural examination of cold deformed samples 

revealed recovery during annealing at 600°C - 800°C 

for 5 minutes. However, annealing at 900°C showed 

partially recrystallised submicron grain with 

deformation twins.  

3. The presence of deformation twin even at 900ºC 

indicates its thermal stability in the microstructure 

which could be related with the sluggish rate of 

recrystallisation due to relatively low SFE of about 24 

mJ/m2.  

4. Hardness values dropped significantly from 244 HV to 

169 HV and from 320 HV to 182 HV for10% and 30% 

cold deformed samples, respectively after annealing at 

600-900°C. 

5. Enhancement in ductility (34-48% for 10% and 29-43% 

for 30% cold rolled samples) and decrease in tensile 

strength (865-662 MPa for 10% and 926-812 MPa for 

30% cold rolled samples) are achieved after annealing 

at 600°C.  

6. 30% cold rolling and annealing is the effective method 

to obtain submicron grain with an attractive 

combination of strength and ductility.  
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