Revealing the localization of NiAl-type nano-scale B2 precipitates within the BCC phase of Ni alloyed low density FeMnAlC steel
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Abstract
Coherent intermetallic precipitate strengthened, Fe-Mn based low-density steels are of interest owing to their superior mechanical properties. We present here the observation of 2-4 nm sized, Ni-Al type B2 precipitates localized within the disordered BCC (A2) phase, which is embedded in the major FCC structured austenitic (γ) matrix. Upon exposure to high temperatures of 1110 °C for 30 min, the B2 phase coarsens, reaching a size of ~ 26 nm while still positioned within the BCC phase. It further disintegrates into ~ 6 nm sized precipitates upon annealing at 1200 °C for 30 min indicating the limited stability of the B2 phase. Thermodynamic phase analysis also support the above observation of decreasing B2 phase stability with increasing temperature beyond 1100 °C. In addition, APT also revealed the presence of κ-precipitates to be localized within the majority γ matrix. The collective contribution of κ, B2 and A2 phases strengthen the majority γ matrix of the hot rolled steel, resulting in achieving an ultimate tensile strength in excess of 1.2 GPa with an extended ductility of ~34% at room temperature. 
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Introduction
Low density steels (LDS) exhibiting high specific strength are being designed, to be suitable as structural parts of automotive components in order to increase fuel efficiency and hence to decrease greenhouse gas emission. In this regard Fe-Mn-Al-C based steels are intensively being studied due to their better mechanical properties and performance [1-3]. For example, cold rolled Fe-Mn-Al-C based low density steels with Ni addition are in general stronger than their hot rolled counterparts having similar ductility [3, 4]. Al addition decreases the density of the steel while Ni addition promotes precipitation strengthening. Precipitation of ordered phases such as κ-carbide and B2 depend on the Ni content in the predominantly Face Centered Cubic (FCC) structured austenite (γ) matrix [3, 5]. Decreasing the Mn content in the alloy increases the volume fraction of Body Centered Cubic (BCC) structured phase [5-7]. 

Typically, κ-carbide stabilizes in an ordered FCC crystal structure (L12’) [8]. Even though the composition of κ-carbide is suggested as (Fe, Mn)3AlC type, an extended solubility of Fe in Al site has been observed [9]. Hot rolling of Fe-30.4Mn-8Al-1.2C steel followed by annealing at 600 °C for 24 h led to the precipitation of ~20 nm sized, ordered κ-carbide precipitates which were inhomogeneously distributed in the disordered γ matrix [10]. κ-carbide precipitation increased the yield strength by 87% compared to the as-quenched state while retaining considerable amount of ductility Yao, Welsch [10]. In general, the partitioning of Mn and Al towards the formation of κ-carbide in addition to the presence of carbon vacancies improves the thermodynamic stability of the carbide [9].

Alloying of Ni in Fe-Mn-Al-C steel, favors NiAl-type B2 phase formation in an otherwise FeAl type precipitate presence [11]. Together with Al, Ni effectively forms B2 phase and extends its stability above 900 °C [8, 12]. These intermetallics are strong and hence less ductile at room temperature. However limited volume fraction and uniform distribution of B2 phase in both α phase as well as γ matrix, formed after 900 - 1050 °C annealing of Ni-containing steel improved the ductility considerably [11, 13]. Cold rolling, followed by annealing (870-900 °C for 2-60 min) of 4.9% Ni alloyed Fe-16.1Mn-9.6Al-0.86C steel contained B2 stringer bands along the rolling direction and fine B2 precipitates of varying sizes between 50 – 1000 nm are observed in the γ matrix. The local chemical composition of the γ matrix was depleted with Ni and Al whereas it was found to be enriched in Fe and Mn contents [3]. To this end, the present work explores the evolution of B2 precipitates as a function of high temperature (1100 – 1200 °C) exposure in the 5 wt.% Ni alloyed Fe-Mn-Al-C steel. 

Experimental Details
Fe-16Mn-9Al-0.9C (all in wt.%) steel with 5 wt.% Ni addition was prepared using an air induction melting furnace. The raw material used for melting were pure metals (purity > 99 wt.%) in a 40 kg crucible. Adequate measures were taken for compensating the elemental losses during melting as well as to avoid pick-up of gases from ambient atmosphere. The as-prepared cylindrical ingots were subjected at first to homogenization annealing at 1150 °C for 2 hrs followed by hot forging to a plate of thickness 30 mm. Subsequently hot rolling was carried out on the forged ingots at a temperature of 1080 °C to obtain a homogeneous and uniform microstructure after 60% thickness reduction which is identified as ‘as-received’ (AR) steel throughout the manuscript. The density of the AR steel was determined using Archimedes principle and was found to be 6.82 g/cc against the conventional steel having a density of 7.8 g/cc. To understand the phase stability of the different phases that can possibly form in the AR condition, annealing treatment in controlled Ar atmosphere was performed at 1110 °C and 1200 °C for 30 min followed by slow furnace cooling. 
Phase analysis of the AR and annealed samples was carried out using X-Ray diffraction (XRD) with Cu-kα radiation (Panalytical, X’pert pro, Netherlands). Small angle X-ray scattering (SAXS) experiments were carried out in a transmission geometry using Cr-SAXS facility [14]. Two dimensional SAXS patterns were reduced to one dimensional profiles using FIT2D software [15] and data analysis were carried out using Irena suite software [16].
Microstructural imaging on the standard metallographically prepared surfaces was conducted using FEG-Scanning electron microscope (SEM) (Zeiss, Merlin Compact, Germany) and bulk composition analysis was performed with the attached energy dispersive X-ray spectrometer (EDS) (EDAX, Octane plus, USA). The individual elemental composition of the nano scale precipitates as well as that of the respective matrix phases were studied at near-atomic scale resolution using three-dimensional atom probe tomography (3D-APT). The APT tips were prepared using a dual-beam focused ion beam (FIB) source (Helios G4 UX, Thermofisher scientific) and employing the site-specific interphase lift out method [17-19]. To minimize beam damage during sample preparation, Ga beam with low-energy (5 keV) was used in the final ion-milling stage. APT measurements were carried out using a local electrode atom probe (LEAP 5000 XR, Cameca Inc) applying laser pulses at 250 kHz frequency with a laser energy of 30 pJ. The tip temperature was maintained at 60K. The APT data reconstruction and analysis was performed using IVAS 3.8.10 software (Cameca Inc).
(FeMnAlC)-Ni binary phase diagram was calculated using TCFE11 database available in the Thermo-Calc software and the phase evolution as a function of temperature was obtained. The nucleation and growth modelling of B2 (Plate-type) and BCC (Sphere–type) phases in the FCC matrix (grain size of 10 micron) was carried out using the TC-PRISMA module utilizing the MOBFE6 mobility database. 
Cylindrical samples of 4 mm diameter and 20 mm gauge length were prepared along the rolling direction of the steel plate for tensile testing as per ASTM E8-M standard. Tensile tests were conducted using INSTRON 5500R platform at a strain rate of 8 × 10-3 s-1.  
Results and Discussion
The AR steel exhibited yield strength and ultimate tensile strength of 1.1 GPa and 1.22 GPa respectively with a maximum elongation of 34%, Fig. 1(a). The room temperature mechanical properties of the AR steel are better than that of Fe-15Mn-10Al-0.8C steel by at least 30% in both the as-quenched as well as in the annealed (500 – 1050 ˚C) conditions [11]. Hence, we embarked on the microstructural studies in order to better understand the phase evolution and also to correlate the mechanical properties with the microstructure. Fig. 1(b) shows the XRD patterns of AR and of the specimens annealed at 1110 ˚C for 30 min (AN1110C) and 1200 ˚C for 30 min (AN1200C). Three different phases namely, γ, BCC and κ-carbide are present in the AR alloy.  The intensity of (111) peak of FCC phase (at ~42.5 ° diffraction angle) is lower than that of (110) peak of BCC phase (at ~44° diffraction angle) in AR condition, indicting possibly a higher volume fraction of the BCC phase. As the annealing temperature increased to 1110 ˚C, the intensity of (111) peak of γ increased considerably in comparison to the (110) peak of BCC phase. Additionally, the intensity of the diffraction peak at ~41.5° which corresponds to the κ-carbide phase decreased as the annealing temperature increased. Further increase in the annealing temperature to 1200 ˚C resulted in the formation of mostly BCC and γ phases wherein γ phase had a higher volume fraction. 
Backscattered electron (BSE) images and their corresponding EDS area maps for the constituent elements corresponding to all the three samples studied are shown in Fig. 2. Dark and grey contrasts observed in the AR sample corresponds to the BCC and γ phases respectively, Fig. 2(a). Image analysis performed on the BSE images indicated the presence of ~6% by area fraction of the BCC phase in the predominantly γ matrix. It can be seen that the BCC phase is less than 2 μm in width and are situated mostly along the γ grain boundary region. It may be noted that the BCC phase contains mostly band-type structure in the AR condition leading to higher aspect ratios of the BCC grains [20].  The observation of BCC phase being in band type structure located along the grain boundaries of the γ phase which are parallel to the hot rolling direction might have led to the increased XRD peak intensity of the BCC phase in the AR condition. EDS elemental mapping of the AR sample showed preferential enrichment of Al in the BCC phase regions. EDS line scan performed across the phase boundary (white line in Fig. 2(b)) confirmed the enrichment of Mn, Al and C in the BCC phase. This indicates that the BCC phase was in a disordered state. BSE image of AN1110C sample is shown in Fig 2(c). Dark and grey contrasts were observed similar to the AR sample, corresponding to the BCC and γ phases respectively. The area fraction of the BCC phase was estimated to be ~28% from the image analysis. In addition to the grain boundary BCC phase (band structure), sporadic precipitates of BCC phase contrast were also observed in the γ matrix. EDS elemental mapping of AN1110C sample clearly shows that Ni and Al enrichment occurred in the BCC phase, Fig. 2(c). The EDS line scan performed across the phase boundary (white line in Fig. 2(d)) confirms the enrichment of Ni and Al in the BCC phase. BSE image of AN1200C sample is shown in Fig 2(e). Dark and grey contrasts were observed similar to the previous two conditions indicating the presence of BCC and γ phases. The volume fraction of BCC phase increased to ~32% area fraction (by image analysis). EDS elemental mapping of AN1200C sample clearly showed that BCC phase is enriched with both Ni and Al while the EDS line scan across the phase boundary showed depletion of Fe and Mn in the BCC phase compared to FCC phase, Fig. 2(f). 
Fig. 3(a) shows the region of interest for APT measurements corresponding to the BCC and γ phases from where the site-specific lift out was performed. Fig. 3(b) represents the homogeneous elemental distribution of Fe, Mn, Al, Ni within the analyzed γ volume. However, the three-dimensional distribution of C in the inset of Fig. 3(c) with a 3 at.% iso-concentration surface shows the local enrichment of carbon. The proximity histogram in Fig. 3(c) indicates an increase in C content corresponding to the marked interface (dotted square in the inset) together with an increase in Mn content indicating the precipitation of κ-carbide within the γ matrix. The C concentration at the core of the precipitate was estimated to be 14.7 ± 3.4 at.% whereas the same at the matrix region was found to be 0.37 ± 0.08 at.%.
Fig. 3(d) presents the elemental distribution maps corresponding to the BCC phase. No discernable segregation was witnessed among the constituent elements viz. Fe, Mn, C, Al. However, significant Ni enrichment was observed which was delineated with 4 at.% Ni isoconcentration surface as shown in the inset of Fig. 3(e). Proximity histogram indicates enrichment in Ni and Al accompanied by depletion of Fe and Mn at the core of the precipitates. The Ni and Al concentration in the core of the precipitate was estimated to be 15.25 ± 3.15 at.% and 19.27 ± 3.44 at.% respectively. It indicates that the precipitate has still not reached the typical NiAl stoichiometry. 
The APT results belonging to the BCC phase for the AN1110C condition are shown in Fig. 4 (location of site-specific preparation marked by square in the inset SEM image). The presence of significant Ni enrichment can be witnessed from elemental distribution in Fig. 4(a) whereas the other elements appear to be homogenously distributed. The Ni enriched regions are delineated using a 15 at.% Ni isoconcentration surface as shown in the inset of Fig. 4(b). The proximity histogram corresponding to a representative precipitate indicated by dotted square highlights the significant enrichment of Ni and Al at the core of the precipitates. The concentration of Ni and Al at the precipitate core was determined to be 35.53 ± 1.15 at.% and 30.08 ± 1.1 at.% respectively. The size of the precipitate was estimated to be ~26 nm compared to the initial ~3.5 nm in AR condition. It shows significant coarsening of B2 precipitate after annealing at 1110 °C for 30 min.
The elemental distribution corresponding to the BCC phase of AN1200C condition is shown in Fig. 5(a). The same trend of Ni enrichment is observed in the delineated region of 16 at.% Ni iso-concentration surface. The proximity histogram shows a significant increase in Ni and Al concentration at the core of the precipitate along with the depletion in Fe and Mn content. The 1:1 stoichiometry of Ni and Al contents observed in this condition indicates the completion in the ordering of the B2 precipitate localized within the BCC matrix. The estimated concentration of Ni and Al at the core of the precipitate was 28.74 ± 2.47 at.% and 28.79 ± 2.46 at.% respectively. It has to be noted that the APT measurements were also performed along the interphase as well as FCC regions of the AN1110C and AN1200C conditions, but the B2 phase was not observed and hence is not included in this current study. 
Fig. 6(a) presents the pseudo-binary phase diagram with varying Ni concentration, wherein the composition of interest i.e. 5 wt.% Ni, is indicated with a vertical arrow at the composition axis. Four different phases namely, BCC, γ, B2 and κ-carbide phases are at equilibrium at 600 °C wherein k-carbide is stable only upto 800 °C. However, B2 phase stability seems to be extended until 1120 °C. Further increase in temperature to 1200 °C, results in the presence of only two phases i.e. BCC and γ at equilibrium. Fig. 6(b) presents the evolution of BCC phase in an Fe-Mn-C rich γ matrix as a function of time when held at different temperatures. Correspondingly, 34 vol.% of BCC+ B2 phases and 40 vol.% of BCC phase are expected to evolve in the γ matrix within few minutes of annealing at 1110 °C and 1200 °C respectively. However, B2 phase precipitation in the γ matrix follows sigmoidal growth and hence relatively longer time is required to increase their volume fraction at slightly reduced temperatures of 1108 °C and 1000 °C (Fig. 6(c)). For example, annealing of the steel in the current study at 1000 °C will require atleast 10 min of holding time in order to form 22 vol.% of B2 phase in the γ matrix. As per the thermodynamic estimates, γ phase should contain increased Mn (14.8 at.%) and C (5.5-5.9 at.%) contents than the BCC phase at high temperatures of 1110 °C and 1200 °C as summarized in Table. 1. Therefore, to form B2 precipitate in the γ matrix of Ni containing LDS, the concurrent diffusion and substitutional occupation of Ni and Al atoms at the Fe sub-lattice appears necessary followed by chemical partitioning of Mn and C out of the γ matrix. However, based on the current experimental observations, the B2 precipitate presence has been localized only to the BCC phase and not observed in the γ matrix (the data of which is not shown here) indicating that the required equilibrium conditions favoring such precipitation might not have been prevalent during AN1110C and AN1200C.    
Even though XRD analysis had indicated considerable presence of κ-carbide, limited number of κ-carbides were observed only within the γ phase of the AR steel (Fig. 3(c)). However, 2.8 vol.% of very fine (~3.5 nm) B2 precipitates with a number density of 120 x 1022 m-3 were observed within the BCC phase. It is to be noted that (100) superlattice peak corresponding to B2 ordering was not observed in the XRD pattern, Fig. 1(b), possibly due to the very fine sized B2 precipitates with limited fraction. Increasing the annealing temperature to 1110 °C had led to the coarsening of the B2 precipitates wherein the size (diameter) was estimated to be ~26 nm with a corresponding decrease (97%) in the number density of B2 precipitates.  Further increase in the annealing temperature to 1200 °C had led to the dissolution of the B2 precipitates with a ~76% decrease in size (~ 6 nm diameter) compared to AN1110C. Concomitantly, the number density of the B2 precipitates (59.5 x 1022 m-3) has significantly increased. 
To further verify these observations, small angle X-ray scattering (SAXS) was performed on these samples. Fig. 7(a) shows the SAXS intensity profiles of the LDS in AR and heat treated conditions. A week scattering intensity from the precipitates were observed in all the three conditions. SAXS profile of the AR condition exhibits two weak Guinier regions corresponding to two different sizes of precipitates (marked with red arrows) whereas the AN1110C and AN1200C conditions exhibited only one Guinier region. Microstructural parameters (size, number density) were estimated by size distribution profile fit analysis macros using Irena suite [3]. The scattering contrast was calculated based on the APT observation of NiAl type B2 precipitates in the LDS. Inset to the Fig. 7(a) shows the volume distribution of precipitates with their size distribution (in diameter). AR steel notably consists of two different sized precipitates in the range of ~2.7 nm and ~14.3 nm respectively. This corresponds well with the APT observation of B2 precipitates having a size of ~ 3nm. Hence, the relatively coarser precipitate obtained in SAXS should belong to that of κ-carbide. Similarly, the mean precipitate sizes for the AN1110C and AN1200C conditions are of the order of ~20 nm and ~10 nm respectively which are in good agreement with the observations of APT. Fig. 7(b) summarizes the variation in number density and the size (diameter) of the B2 precipitates as a function of annealing temperature in comparison to the AR condition. 
Based on the above observations, a schematic representation of the evolution of phases especially the B2 precipitate localized within the disordered BCC phase is shown in Fig. 8.  The volume fraction of BCC phase increases with increase in annealing temperature reaching a maximum of 40 Vol. % at 1200 °C compared to 10 Vol.% in the AR condition. The BCC phase regions are predominantly located along the γ phase boundaries. The evolution of B2 precipitate within the BCC phase and κ-carbide within the γ matrix are observed in all conditions. The size of B2 precipitates in AN1110C are found to be the maximum. The decrease in B2 precipitate size beyond 1110 °C supports the thermodynamic prediction of limited stability of B2 at elevated temperature and hence it gets dissolved into the BCC phase. 

Conclusions
The experimental results of XRD, SEM-EDS, APT and SAXS revealed the co-existence of 4 different phases namely, γ, A2, B2 and κ in the AR condition of the 5 wt% Ni alloyed, low-density, Fe-Mn-Al-C steel. The key conclusions are summarised below,
1. APT results revealed that the B2 precipitates are localized only within the BCC phase and are not observed in the majority γ matrix. 
2. The APT determined sizes (diameter) of the B2 precipitates both in AR as well as annealed conditions are in good agreement with the SAXS results.  
3. Similarly, the κ-carbides are observed to be localized only within the majority γ matrix and are not observed in the BCC phase regions. 
4. Upon annealing the AR steel to high temperatures of 1110 °C for 30 min, the original nano-sized B2 precipitates gets coarsened by ~640% to obtain a size of ~26 nm with a corresponding decrease (97%) in number density.  
5. Further annealing to 1200 °C for 30 min resulted in the dissolution of B2 precipitates to ~6 nm diameter still localized within the BCC phase owing to preferential Al enrichment.
6. The observation of ~76% decrease in B2 precipitate sizes as well as the volume fraction within the BCC phase with increase in annealing temperature beyond 1110 °C are in good agreement with the predictions of the pseudo-binary phase diagram. 
7. Atom probe tomography (APT) analysis, indicates that the Al content in the B2 phase after annealing at 1100 °C was of 30.08 ± 1.1 at.% which decreased to 28.79 ± 2.4 at.% after exposure to 1200 °C suggesting that the stability of B2 phase at elevated temperatures is associated with the Al content.
8. Incidentally, the observed B2 stoichiometry of 1:1 between Ni and Al at 1200 °C where B2 phase is predicted to be unstable indicates that the process of dissolution depends on the constituent element that has the lowest diffusivity at that temperature and hence will be rate-limiting.
Hence, the possibility of tailoring the B2 precipitates within the BCC phase regions adjoining the grain boundaries of γ matrix as a function of Ni alloying has been established. Moreover, the localization of κ-carbides within the γ matrix, which is further reinforced by grain boundary A2 phase, and that is strengthened by nano-scale B2 precipitates provides the ideal pathway for the future design of high specific strength steels with extended ductility. 
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Table 1:
Thermodynamically predicted individual phase composition as a function of annealing temperature in comparison with the experimentally obtained composition from APT. 
	Temperature​​​
	Phase​​​
	Results
type​
	Fe (at.%)​​​
	Mn
(at.%)​​​
	Al
(at.%)​​​
	Ni
(at.%)​​​
	C
(at.%)​​​

	1110 °C​
	BCC​​​
	Theoretical​​​
	62.622​​​
	10.98​​​
	20.177​​​
	5.996​​​
	0.224​​​

	
	
	Experimental​​​
	71.76±0.35​​
	9.07±0.22​​
	15.41±0.28​​
	2.31±0.11​​
	0.21±0.03​​

	
	B2​
	Theoretical​​​
	61.268​​​
	10.827​​​
	20.896​​​
	6.81​​​
	0.199​​​

	
	
	Experimental​​​
	26.64± 1.05​​
	5.52±0.52​​
	30.08± 1.1​​
	35.53±1.15​​
	0.17±0.07​​

	
	FCC​
	Theoretical​​​
	62.207​​​
	14.816​​​
	14.436​​​
	3.08​​​
	5.461​​​

	1200 ​°C​
​​
​​
	BCC​​​
	Theoretical​​​
	62.124​​​
	11.448​​​
	20.037​​​
	5.981​​​
	0.392​​​

	
	
	Experimental​​​
	64.15± 0.78​​
	10.35±0.5​​
	18.46± 0.63​​
	5.42±0.36​​
	0.29±0.09​​

	
	
	Experimental​​​
	32.16± 2.46​​
	8.7±1.53​​
	28.79± 2.46​​
	28.74±2.47​​
	0.24±0.17​​

	
	FCC​​​
	Theoretical​​​
	62.035​​​
	14.84​​​
	14.195​​​
	3.069​​​
	5.861​​​








Figure Caption:
Fig. 1(a) Engineering Stress-Strain graph of the As-received (AR) steel, (b) XRD patterns of AR and annealed conditions.
Fig. 2(a) Back-scattered scanning electron microscope (BSE-SEM) image and elemental mapping of As-received (AR) steel (b) EDS line scan of AR steel (c) Back-scattered scanning electron microscope (BSE-SEM) image and elemental mapping of AN1110C (d) EDS line scan of AN1110C (e) Back-scattered scanning electron microscope (BSE-SEM) image and elemental mapping of AN1200C (f) EDS line scan of AN1200C. RD and TD abbreviate for rolling and transverse directions respectively.
Fig. 3(a) SEM image showing site-specific γ /BCC region of interest in As-received (AR) steel (b) 3D-APT elemental distribution corresponding to γ phase in AR steel (c) Proximity histogram corresponding to 3 at.% C iso-concentration surface in γ phase of AR steel (d) 3D-APT elemental distribution corresponding to BCC phase in AR steel (e) Proximity histogram corresponding to 4 at.% Ni iso-concentration surface in BCC phase of AR steel with 0.1 nm bin width. κ in part (c) abbreviates for k-carbide phase.
Fig. 4(a) 3D-APT elemental distribution corresponding to BCC phase in AN1110C (b) Proximity histogram corresponding to 15 at. % Ni iso-concentration surface (marked in rectangle) with 0.1 nm bin width in the BCC phase, with the region of sample preparation indicated by rectangle in the inset SEM image. 
Fig. 5(a) 3D-APT elemental distribution corresponding to BCC phase in AN1200C (b) Proximity histogram corresponding to 16 at. % Ni iso-concentration surface (marked in rectangle) with 0.1 nm bin width in the BCC phase, with the region of sample preparation indicated by rectangle in the inset SEM image. 
Fig. 6(a) Pseudo-Binary phase diagram of FeMnAlC steel with varying Ni concentration; (b) Evolution of BCC phase fraction at 1110 °C and 1200 °C in the matrix of γ; (c) Evolution of BCC and B2 phase fractions at 1000 °C and 1108 °C in the matrix of γ.
Fig. 7 (a) Small angle X-ray scattering (SAXS) of As-received (AR), AN1110C and AN1200C (b) Precipitate size and number density of AR, AN1110C and AN1200C.
Fig. 8 Schematic of precipitate evolution sequence in γ and BCC phase regions of As-received (AR), AN1110C and AN1200C. 
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