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Abstract -Third generation advanced high strength steels (AHSS) are of importance to the automotive industry 

since their successful development may lead to further vehicle weight reduction, reduced fuel consumption and 

enhanced occupant protection.  Promising properties have been generated through intercritical annealing of low-

carbon manganese transformation induced plasticity steels.  Austenite stabilization results from carbon and 

manganese enrichment and ultra-fine duplex ferrite/austenite microstructures are obtained.  The present contribution 

uses DICTRA modeling to predict austenite retention from manganese and carbon diffusion.  Significantly lower 

austenite fractions than experimentally observed are predicted, suggesting the importance of expanding diffusion 

models to incorporate diffusion contributions of high crystal imperfection densities including dislocations and grain 

boundaries which may significantly impact diffusional processes. 
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1. Introduction 
Significant research and industrial implementation efforts are underway to develop products with 

improved tensile property ranges identified as “Third Generation AHSS”.  Increased consumer 

expectations and regulatory pressure (United States Environmental Protection Agency, 2012) are driving 

these materials needs and one original equipment manufacturer (OEM) has identified target ultimate 

tensile strength/total elongation combinations of 1000 MPa/30 pct and 1500 MPa/20 pct enabling 

potential body in white weight savings of 20 pct.  A US Department of Energy integrated computational 

materials engineering (ICME) program has put forward even more aggressive target properties of 

1200 MPa/30 pct and 1500 MPa/25 pct (Hector et al., 2013). 

 A review of recent research on AHSS steel developments (e.g. De Moor et al., 2010 ) indicates that 

a number of approaches show great potential to achieve third generation AHSS tensile properties 

including austempered bainitic alloys, quenching and partitioning (Q&P) and intercritical annealing of 

low-carbon manganese transformation induced plasticity (TRIP) steels (Grange et al., 1977; Merwin, 

2008; and Miller, 1972).  The generated microstructures in these approaches contain significant fractions 

of austenite believed to be crucial to obtain tensile ductility levels of interest (Matlock et al., 2006 and 

2009).  Austenite retention is obtained by solute enrichment during processing, thereby lowering the 

martensite start temperature (Ms) of the enriched austenite.  Thermodynamic considerations have led to 

effective concepts in predicting carbon stabilized austenite levels including the To concept for 

austempering (Bhadeshia, 2011) and constrained carbon equilibrium (CCE) for Q&P (Speer et al., 2004).   

 Low-carbon manganese TRIP steels are gaining renewed attention as a potential third generation 

AHSS concept (Merwin, 2008; Jun et al., 2011; and Yulong et al.,  2013).  Early compositions encompass 

0.1 wt pct carbon and 4 to 7 wt pct manganese and heat treating involves intercritical annealing to enrich 

austenite with manganese.  A straightforward model to predict austenite stabilization through manganese 

enrichment during intercritical annealing assuming orthoequilibrium is reviewed in the present 

contribution in addition to diffusional considerations.   
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2. Austenite Stabilization through Manganese Enrichment 
Intercritical annealing of medium manganese steels has shown effective in stabilizing substantial 

amounts of austenite (Grange et al., 1977; Merwin, 2008; Jun et al., 2011 and Gibbs et al., 2011) and 

generating attractive properties.  Most experimental studies however reveal a significant sensitivity to 

annealing temperatures and times.  In particular the tensile properties are very dependent on annealing 

temperature fluctuations and very narrow processing window tolerances would currently be crucial for 

industrial implementation.  This may limit product implementation and it is hence crucial to better 

understand this annealing response sensitivity. 

 An initial effort to predict austenite retention as a function of annealing temperature has been 

conducted using a straightforward model (De Moor et al., 2011).  Austenite fractions stable at room 

temperature following intercritical annealing are predicted by assuming equilibrium partitioning of 

manganese and carbon in ferrite and austenite.  The methodology used involves prediction of the 

ferrite/austenite fractions using Thermo-Calc
TM

 along with their respective equilibrium manganese and 

carbon contents in the intercritical region.  The Ms temperature of the enriched austenite is then calculated 

according to  

 

Ms = 539-423C-30.4Mn-7.5Si+30Al (Mahieu et al., 2002)       (1) 

 

and prediction of the amount of fresh martensite formed upon cooling below the Ms temperature to room 

temperature can be calculated based on the Koistinen Marburger (KM) equation:  
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               (2) 

 

with k a constant, with a typical value of 0.011.  Subtraction of the predicted “fresh” martensite formed 

during the final quench to room temperature from the austenite fraction predicted to be present at the 

annealing temperature hence yields the final retained austenite fraction present at room temperature 

stabilized by carbon and manganese enrichment.   
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Fig. 1.  Retained austenite fractions predicted in a 0.1C-6Mn composition assuming equilibrium Mn partitioning 

between ferrite and austenite and experimental data obtained after isothermal intercritical annealing for one hour 

reported by Miller, 1972. 
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Fig. 1 shows the results of predicted austenite fractions for a 0.1C-6Mn composition using the model 

and also plots experimental data obtained by Miller (1972) using one hour isothermal holds.  When 

comparing the modeled and experimental values, it is apparent that a similar trend as a function of 

annealing temperature is obtained, albeit that the peak experimental fractions are greater than predicted 

and that the predicted peak temperature is lower. 

 

2. Diffusional Considerations 
The initial modeling approach assumes equilibrium fractions and, in order to incorporate diffusion 

kinetics, DICTRA
TM

 simulations were employed to calculate manganese diffusion fronts in ferrite and 

austenite.  A one-dimensional approach was taken by defining adjacent bcc and fcc cells and dimensional 

assumptions are schematically shown in Fig. 2.  Fig. 2a shows half widths of ferrite and austenite 

proportional in size to the volume fraction of each phase predicted to be present at the intercritical 

annealing temperature by Thermo-Calc calculations.  The total of both half widths was chosen constant 

and equal to experimental average grain sizes obtained following intercritical annealing, which are 

reported to be strongly dependent on annealing temperature (Miller, 1972 and Lee et al., 2010).  Current 

literature data does not distinguish between ferrite and austenite grain size.  The bcc/fcc interface was 

assumed immobile and carbon and manganese solute was allowed to diffuse. 

DICTRA calculations were performed for temperatures of 600, 650 and 700 °C and times of 1, 5, 

30, 60, 120, 180, 300, 900, 1800 and 3600 s.  The grain sizes derived from literature data (Miller, 1972 

and Lee et al., 2010) phase volume fractions from Thermo-Calc calculations, and corresponding cell sizes 

used as input parameters are given in Fig. 2b.  The resulting manganese profiles obtained from 650 °C 

simulations are given in Fig. 3 and suggest that manganese diffusion was insufficient to stabilize the 

austenite.  The increased manganese levels in the austenite are predicted to be confined to a very narrow 

band in the austenite cell due to the much lower diffusivity in austenite. 
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a) b) 

Fig. 2. Schematic illustration of microstructural input parameters for DICTRA modeling.  The half width of ferrite 

and austenite are shown and are proportional to their relative volume fractions.  The total length of the two cells is 

chosen equal to experimental average grain sizes shown in b) along with phase volume fractions from Thermo-Calc 

calculations, and corresponding cell sizes used as input parameters. 

 
In order to predict the volume fraction of austenite stable at room temperature based on the 

manganese profiles shown in Fig. 3b, a methodology proposed by Clarke et al. (2009) to predict retained 

austenite stabilized by solute carbon enrichment was employed.  In this approach it is assumed that 

martensite can nucleate on a solute diffusion front if the local Ms temperature is above room temperature 

and the Koistinen-Marburger equation may be applied locally to the solute diffusion front.  The Ms 

temperature was calculated and the KM equation applied for each point of the profile shown in Fig. 3b 

and the resulting “local” stable austenite fraction is determined as shown in Fig. 4a.  Integration of the 

area under this curve yields the predicted stable austenite fraction of the austenite present at the annealing 

temperature and the total volume percent stable austenite fraction can be calculated.  Since the diffusion 

of interstitial carbon is much faster than manganese, equilibrium carbon contents were assumed for 
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calculations.  The resulting austenite volume fractions stabilized by manganese enrichment and assuming 

equilibrium carbon contents are shown in Fig. 4b as a function of annealing time.  It is clear from Fig. 4b 

that the austenite fractions predicted for equilibrium manganese partitioning are not stabilized for 

annealing times up to one hour.  The experimental fractions reported in Fig. 1 are also significantly 

greater. 

  
a) b) 

Fig. 3. Manganese profiles in a) ferrite and b) austenite calculated for 650 °C in a 0.1C-6Mn composition for 1, 5, 

30, 60, 120, 180, 300, 900, 1800 and 3600 s based on the input parameters shown in Fig. 3b. The interface is at the 

right hand side in both figures. 
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a) b) 

Fig. 4. a) Stable “local” austenite predicted by applying the KM equation to the local manganese profile       b) 

Calculated austenite fractions as a function of time for the 0.1C-6Mn steel and an annealing temperature of 650 °C.  

The austenite level predicted assuming equilibrium manganese levels is also given. 

 

Further calculations were conducted for annealing temperatures of 600 and 700 °C using the input 

parameters shown in Fig. 3b and the results are plotted in Fig. 5.  It is clear from Fig. 5 that the calculated 

values are lower than the values obtained when equilibrium is assumed for all temperatures.  

Experimental values reported by Miller (1972) for one hour isothermal annealing are also shown as well 

as experimental values obtained by Lee et al. (2011) for a 0.05C-6.15Mn-1.50Si steel.  Three minute 
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intercritical anneals were used in this study and significant fractions up to 30 vol pct were measured by 

X-ray diffraction.  It is hence clear that significant fractions are experimentally obtained even for short 

annealing times at levels far greater than calculated using the approach outlined above. 
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Fig. 5. Calculated stable austenite fractions for times ranging from 1 to 3600 s based on manganese profiles obtained 

from DICTRA calculations and assuming equilibrium carbon content plotted as a function of annealing temperature.  

Predicted austenite fractions assuming equilibrium solute contents (De Moor et al., 2011) and experimental data 

reported by Lee et al. (2011) and Miller (1972) are also shown. 

 

Diffusion data in the DICTRA databases are based on diffusion in ferrite.  It should however be noted 

that the hot rolled microstructure of medium Mn steels is reported to be martensitic (Merwin, 2008) and 

the high dislocation density of the martensite may significantly impact diffusivity (Hart, 1957) since a 

more “open” structure may perhaps provide faster diffusion paths for substitutional diffusion somewhat 

similar to pipe diffusion i.e. diffusion along grain boundaries.  In addition, the high density of lath 

boundaries in the martensitic packets of the starting microstructure may further accelerate manganese 

diffusion.  It is of interest to note that recent atom probe work performed on a 0.05C 12Mn-2Ni-0.6Mo-

1.2Ti at pct maraging steel suggests a much greater diffusion of manganese in martensite (Dmitrieva et 

al., 2011) and diffusion constants up to 45 times greater than the diffusion of manganese in bcc iron are 

suggested to better correspond to experimental manganese diffusion profiles obtained at a 

martensite/austenite interface for an annealing at 450 °C.  The suggested increased diffusivity might help 

explain the increased retained austenite fractions observed after a few minutes of annealing observed by 

Huang et al. (1994) and Lee et al. (2011).   

 

3. Conclusions 
Since low-carbon manganese TRIP steels are under increased attention to reach third generation 

AHSS property targets, an improved understanding of manganese diffusion mechanisms during 

intercritical annealing is needed.  The present contribution used DICTRA modeling assuming a stationary 

interface with dimensional assumptions based on predicted phase fractions and application of the 

Koistinen-Marburger equation on a diffusing solute front to predict austenite retention.  Predicted values 

are significantly lower than experimentally observed fractions indicating a need to incorporate diffusion 

contributions from grain boundaries and dislocations.  Improved predictive capabilities will accelerate the 

development and potential industrial implementation of these steels. 
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