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Abstract: High Mn steels present both high tensile strength and good ductility, 

therefore they have attracted attention as promising candidates for the next-generation 

of automotive steels. However, slight changes during the manufacturing process or in 

service conditions (i.e. chemical composition, annealing temperature, among others) can 

promote significant variations in their microstructure, leading to a strong modification 

in their mechanical response. In this regard, this paper discusses the relationship 

between the different microstructures generated on a high Mn-twinning induced 

plasticity (TWIP) steel and its mechanical properties evaluated by means of Vickers’s 

hardness, tensile testing and also high cycle fatigue response. Different conditions, 

namely: as received, annealed at 500ºC and thermally cycled at 500ºC during 15, 36, 56 

and 75 cycles, have been analyzed. The results exhibit the development of a 

heterogeneous pearlitic microstructure with a plateau on its fraction content and 

Vickers’s hardness at ~ 24% and 292 ± 5 HV, respectively, after 36 thermal fatigue 



cycles. Finally, pearlite colonies have been nucleated during the thermal fatigue 

treatment along the austenitic grain boundary producing a deleterious effect on the 

tensile and high cycle fatigue behaviour. 
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1. Introduction 

Automotive companies are trying to develop vehicles environmentally friendly. 

Therefore, weight reduction is mandatory to achieve less fuel consumption and also to 

diminish pollutant emissions. At the same time, vehicles must be safer for passengers. 

Encouraged by these needs of the automotive industry, in the last decades steel 

manufacturers have invested efforts to develop new high strength steel grades, such as 

transformation induced plasticity (TRIP) steels, dual phase (DP) steels, complex phases 

(CP) steels and, more recently, twinning induced plasticity (TWIP) steels [1]. These 

latter steels are characterized by high Mn contents (15 to 30 wt.%) and they provide a 

great potential for weight reduction in energy absorption vehicle  components, due to 

their excellent tensile strength and ductility combination [2,3,4,5,6,7,8]. The chemical 

composition and temperature are known to be the main factors in controlling the 

stacking fault energy (SFE) and, consequently, the main deformation mechanism 

operative under certain conditions [9,10]. It is considered that when SFE ≤ 20 mJ·m-2 

martensite induced plasticity is favored [10,11], for SFE ~ 25-60 mJ·m-2 the martensitic 

phase transformation is suppressed and mechanical twinning is enhanced [10], and, 

finally, for SFE > 60 mJ·m-2 dislocations gliding is the single deformation mechanism. 

In TWIP steels, the objective is to control the SFE, through specific compositions, to 

promote twinning as the main deformation mechanism at room temperature. Moreover, 

this mechanism will also rely on the microstructure, and, in this sense, a fully austenitic 



microstructure is required at room temperature. Therefore, the composition of these 

steels in Mn, C, Al and Si contents is adjusted to control the SFE value and stabilize the 

austenitic phase.  

During the last years, an extensive number of investigations on the microstructure 

evolution of high Mn-TWIP steels have been carried out [1,3,4,12,13,14]. Also their 

mechanical properties have been investigated: tensile testing [3,4,15,16,17,18,19,20,21], 

low cycle fatigue and fatigue life [22,23,24,25] and scarce investigations on high cycle 

fatigue [26]. Furthermore, there are some researches dealing with the effects of thermal 

and mechanical treatments to modify the austenitic microstructure of those high Mn-

TWIP steels [3,12,13,27]. Van Tol et al. [28] investigated the pearlitic formation during 

aging in the temperature range 500-600ºC in undeformed and deformed austenitic 

manganese-based steel by means of in-situ magnetization measurements and 

microscopy techniques. Unfortunately, microstructural characterization under thermal 

fatigue has never been performed for these steels due to their complex microstructures. 

Moreover, the effects of phase transformation (from austenite to pearlite) under thermal 

fatigue and their correlation with the mechanical properties of high Mn-TWIP steel have 

not been systematically studied yet.  Within this framework, the major aim of this study 

was to investigate the effect of thermal fatigue cycles on the duplex (austenitic/pearlitic) 

microstructure and understanding the correlation between this microstructure and the 

mechanical properties (hardness at micrometric length scale, tensile testing and high 

cycle fatigue).  A better understanding of the role of the pearlite in austenitic high Mn-

TWIP steel may be an important factor to improve the service lifetime of structural 

components subjected to thermal cycles at intermediate temperatures in the automotive 

industry. 

 



2. Experimental procedure 

In this work, the studied material was a high Mn-TWIP steel provided by POSCO 

(South Korea) in the form of sheets of 2 mm thickness. The chemical composition is 

presented in Table 1. 

Six different sets of specimens were investigated: as received (AR), specimens annealed 

at 500ºC during 15 minutes and quenched in air (500Q) and four specimens subjected to 

thermal fatigue at 500ºC during 15, 36, 56 and 75 cycles, respectively (500-TF-

15cycles, 500-TF-36cycles, 500-TF-56cycles and 500-TF-75cycles). The thermal 

fatigue cycle was composed of two different steps: maintaining the specimens at the 

desired temperature (500ºC) for 1 h and subsequently air cooling for 20 min. After that, 

each specimen was first grinded and polished prior the microstructural characterization 

using silicon carbide paper, polished until 3 m diamond suspension and a final 

polishing step using a neutral suspension of 20-40 nm alumina particle.  

The average grain size and the pearlitic fraction were determined by the conventional 

linear intercept method and using the imageJ software, respectively; using a total of 

twenty micrographs obtained by means of field emission scanning electron microscopy 

(FESEM, Jeol 7001F) at 20 kV, in order to have statistical significance.  

Thermodynamic calculations were conducted using FactSage® thermo-chemical 

software [29] to calculate the equilibrium phase fractions as a function of the 

temperature for the chemical composition presented above. The FSstel database, 

containing data for solutions and compounds [30], was used. The calculations were 

carried out in the temperature range between 200 and 1500°C, every 10°C with the 

search for transition temperatures.  



The response to sharp contact was achieved by the indentation method at microscopic 

length scale at 1 kgf by means of MKV-HO Akashi hardness tester. Fifteen imprints 

were done per specimen.  

For tensile and high cycle fatigue tests, specimens were machined by laser cutting, with 

the main axis parallel to the rolling direction. After that, the tensile and fatigue 

specimens were thermally treated at 500ºC following the procedure previously 

described. The main dimensions for the tensile and fatigue specimens are summarized 

in Table 1. 

Tensile tests were conducted until rupture at room temperature and a constant crosshead 

rate of 3 mm·min-1 using an Instron 8562 computerized universal machine according to 

ASTM E 8-04 standard [31]. On the other hand, to eliminate the possible deleterious 

effects induced by the laser cutting [32], prior to fatigue testing, the surfaces of the 

fatigue specimens were ground in successive stages by SiC papers from 240 up to 1500 

grit to obtain smooth surfaces, and polished mechanically using a diamond suspension 

with size of 3 m to get mirror finishing. Afterwards, high cycle fatigue tests were 

conducted under load control mode in a resonant testing machine (Rumul 

MIKROTRON) according to ASTM E 466-96 [33] standard. Frequencies around 150 

Hz were used and the load ratio was keep constant to 0.1 (R =min/max). The initial 

maximum stress was taken as 50% of the ultimate tensile strength (uts) of the 

corresponding steel condition, directly extracted from the tensile tests.  Subsequently, if 

the specimen was able to reach 106 cycles without fail, then max value was increased 

10%, and so on until fracture, following the staircase method [34], but  only with three 

specimens per condition. Finally, the fracture surfaces as well as the damage induced 

during tensile and high cycle fatigue tests were examined by FESEM (Jeol-7100F) at 20 

kV. 



3. Results and discussion 

Metallographic evaluation was performed to understand the evolution of the high Mn-

TWIP steel microstructure after the different thermal fatigue tests at 500ºC. Five 

specimens were analyzed corresponding to the as received specimen (Figure 1a) and 

after different number of thermal cycles: 15, 36, 56 and 75 (Figures 1b to 1e). The 

preliminary characterization of the annealed specimen, not subjected to thermal cycling, 

revealed polygonal and equiaxal grains for the as received specimen with an average 

grain size of 6.2 ± 1.5 m, with the presence of some annealing twins. The specimen 

thermally fatigued during the lowest number of cycles (Figure 1b) presented some 

islands of pearlite phase (see white arrows), reaching a fraction of around 7.2 ± 4.2 . 

The big scatter associated with this measurement is related to the heterogeneous 

nucleation and growing process of the pearlitic phase. Electron microscopy images 

corresponding to other specimens with a higher number of cycles and located close to 

pearlitic colonies are depicted in Figures 1c to 1e. The amount of pearlitic phase 

created during the thermal fatigue experiment reached a value of around 24 ± 2 % after 

36 cycles, which remained almost unaltered for the two longest treatments. For these 

specimens, the average grain size was not determined due to the difficulty to clearly 

distinguish the grain boundaries at the pearlitic colonies.  

It is well known that the pearlitic microstructure of steels and cast irons [35,36] presents 

a layered microstructure composed of alternating layers of -ferrite and cementite. This 

microstructure can be appreciated in Figure 2, corresponding to a totally pearlitic zone 

of a specimen subjected to 75 cycles. As seen in this figure, the orientation of the 

pearlite layers vary from one grain to another because the pearlitic phase is strongly 

dependent on the crystallographic orientation of the original phase from which it 

transforms. A similar finding has been recently observed by van Tol et al. [28]. 



Thermodynamic analysis using FactSage® software for the high Mn-TWIP steel studied 

here (Figure 3a) elucidated that the original austenitic phase may decompose into a 

duplex microstructure (mainly austenitic and pearlitic) at temperatures around 600ºC, 

although the maximum volume fraction of this phase is found at 500ºC and below. 

Therefore, a fully austenitic microstructure for Mn based steels is in a metastable state 

at temperatures below 600ºC. This result is totally in agreement with the work reported 

by van Tol and co-workers [28], pointing out that slight chemical changes in the 

composition of TWIP steels do not modify the partial transformation to pearlite. 

According to the dynamic calculations, the carbides which form during the pearlitic 

transformation are mainly Mn3C, as shown in Figure 3b. 

According to Figure 3a, the maximum mass fraction of pearlite at 500ºC should be 

around 60%. This value is not reached during the thermal cycling of the material, which 

shows a saturation of pearlite at 24 weight %. According to Tol et al. [28] the 

equilibrium value is not reached because the partition of Mn from the austenite to the 

pearlite is incomplete. They claim that the equilibrium state reached after annealing 

condition (or thermal cycling conditions in the present study) is a combination of 

paraequilibrium between the austenite and the pearlite and orthoequilibrium between the 

ferrite and the cementite. In fact, the diffusion of Mn in the austenite is limited to length 

scales of the order of 10 nm, which prevents orthoequilibrium to be reached between the 

austenite and the pearlite, whereas in the ferrite the diffusion of Mn is an order of 

magnitude higher.  

Given the contents on microalloying elements such as Ti, Nb and V, thermodynamic 

calculations were also carried out to determine the possible presence of particles in the 

microstructure. According to the results (Figure 3c), different carbonitrides can form, 

being Ti(C,N) the ones forming at the highest temperatures, i.e. since the solidification 



of the alloy. This is in accordance with the results previously reported by the authors 

[36] showing the presence of these particles in the microstructure. From the point of 

view of austenite decomposition to pearlite due to thermal cycles, these particles should 

be considered as possible nucleation points. 

Vickers´s hardness histogram is represented in Figure 4 for the AR and thermally 

fatigued specimens. Hardness increases from its initial value of 232 ± 3 HV for the AR 

sample up to almost 300 HV for those specimens whose pearlitic fraction was around 

24%, i.e., those thermally fatigued for 36 cycles or more. Vickers´s hardness increases 

with the pearlitic content because this phase, formed by ferrite and cementite layers, 

blocks the dislocation motion and the deformation of the ferrite is restricted in regions 

adjacent to the phase boundary. 

The true stress () – true strain () curves for all the studied specimens are represented 

in Figure 5a. It can be seen that the yield strength, ultimate tensile strength and total 

elongation for the specimens of interest are strongly dependent on the microstructure, as 

summarized in Table 2. Specimens with a fully austenitic microstructure (AR and 

500Q) presented a very high ductility, with elongation values higher than 90%. 

However, this ductility was strongly reduced for all specimens thermally fatigued. Due 

to the presence of pearlitic colonies, their range of elongation values dropped to 17-

23%. It is important to highlight that even for specimens with the lowest percentage of 

pearlite (500-TF-15 cycles) the ductility decreased at the same level than for specimens 

subjected to higher number of thermal cycles. On the other hand, the presence of the 

pearlitic content in the specimens thermally fatigued produced a significant increase of 

the yield strength, of around 100 MPa, as shown in Table 2. The contrary can be said 

about the ultimate tensile strength, which is around 100 MPa higher for totally 

austenitic specimens. After 75 thermal cycles the yield strength is maximum and the 



ductility is significantly reduced. This behavior cannot be attributed to an increase of the 

pearlite mass fractions, which is constant after 36 thermal cycles. Therefore, this change 

in the monotonic tensile behavior could be related to a change of the morphology of the 

pearlite, although this point should be further addressed.  

As it can be appreciated in detail in Figure 5, several micro-serrations events for the AR 

and 500Q specimens are appreciable. These events are very common in the high Mn-

TWIP steels containing C and have been reported previously by several researchers 

elsewhere [Error! No s'ha definit el marcador.,37,38,39,40], being attributed to 

dynamic strain aging (DSA). Jin et al. [15] observed that this phenomenon is strongly 

related to the Al content present in the high Mn-TWIP steel. Furthermore, these 

serrations events occur as a result of the generation and propagation of Portevin 

LeChatelier (PLC) bands, as several authors observed elsewhere [37,39,41]. The 

principle of PLC effect is DSA associated with the interaction between mobile 

dislocations temporally blocked at localized defects. Then, this effect is due to pinning 

and unpinning of dislocations by interstitial atoms of C and N in the austenitic 

microstructure, as reported De Almeida and co-workers [42]. 

Fracture surfaces for the studied conditions analyzed by FESEM are shown in Figure 6. 

Specimens with an austenitic microstructure, i.e., AR and 500Q, displayed a totally 

ductile fracture, as it can be seen in Figures 6a and 6b, where dimples are clearly 

identified. The fracture surface morphology was quite different for specimens subjected 

to thermal fatigue, even for the steel condition with only 7% of pearlite phase (Figure 

6c). For these austenitic-pearlitic microstructures, fracture has a mixed brittle-ductile 

aspect (Figure 6c and 6d). When some areas on those fracture surfaces are seen at a 

higher magnification (Figure 7), a totally brittle aspect is revealed which is related to 

the presence of pearlitic colonies.  



It is important to point out the existence of inclusions for both types of fracture surfaces 

(see black arrows in Figures 6a, 6b and 6c). These particles can be easily identified as 

TiN given their square shape. Their presence was also shown in previous work [43] and 

thermodynamic calculations (Figure 3b) confirm the easiness of their formation. 

Figure 8 summarizes the fatigue life trend displayed for the studied steel conditions. As 

can be appreciated, there are two different trends; one for the AR and 500Q specimens 

where no pearlite has transformed and the other for the specimens thermally treated 

where a duplex microstructure (/pearlite) was observed. The specimens with an 

austenitic microstructure resist a high number of fatigue cycles, while for the specimens 

with a duplex microstructure the resistance to fatigue decreases significantly. As it can 

be observed in this group, the specimens thermally fatigued during 15 cycles resist more 

than the other specimens due to the pearlitic content distributed inside the specimen. 

The thermally treated specimens with the same content of pearlite (36 up to 75 thermal 

fatigue cycles) resists a similar number of fatigue cycles, pointing out that the 

microstructure is the limiting parameter under this working conditions. Thus, the trend 

is similar than those reported for the specimens tested under monotonic loading and 

presented in Figure 5. 

A detailed FESEM fractographic examination of samples broken under cyclic loads 

pointed out the presence of critical defects of similar nature and geometry to those 

observed in specimens subjected to tensile tests and depicted in Figures 5 and 6. Under 

the application of cyclic loads, these defects act as locations for microcracks nucleation 

(Figure 9). This deleterious influence of TiN was discussed in previous papers by the 

authors [32,Error! No s'ha definit el marcador.]. 

4. Conclusions 



From an analysis of the experimental results obtained in this investigation, the following 

conclusions can be drawn: 

The annealing treatment at intermediate temperatures does not modify the initial 

austenitic microstructure of TWIP steels. However, specimens thermally fatigued at 

500ºC present pearlitic colonies heterogeneously distributed.  Phase transformation 

from austenite to pearlite reaches a maximum content of around 24% after 36 thermal 

cycles.  

Vickers´s hardness and pearlitic contents follow a monomolecular growth function. 

The stress-strain curves are strongly dependent with the pre-existing microstructure, 

showing a ductile behavior for the totally austenitic steel those changes to a brittle 

behavior for the duplex microstructure (austenitic/pearlitic). 

Several micro-serrations in the stress-strain curve were observed for the specimens with 

austenitic microstructure, as a result of the generation and propagation of a Portevin 

LeChatelier bands. 

The specimens with the highest pearlitic content (after 75 thermal fatigue cycles) 

presents the highest yield strength (~58%) compared with those where the steel 

presented a fully austenitic microstructure (AR and 500Q). TiN inclusions and pearlitic 

colonies are the main microstructural features responsible of the fracture process for 

specimens tested under monotonic tensile conditions.  

Duplex microstructure (austenitic/pearlitic) has lower strength than the original 

austenitic microstructure. This can be attributed to the brittle nature of the secondary 

phase created during the thermal fatigue treatment.  



At the same time the internal defects (i.e. TiN inclusions) heterogeneously distributed in 

the specimens also govern the lifetime for all the specimens investigated under high 

cycle fatigue assays. 
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