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This work focuses on fundamental understanding of microstructure evolution of 

nanostructured ferritic alloy (NFA) and 25 vol.% Cr3C2 coated SiC(Cr3C2@SiC)-NFA 

composite during spark plasma sintering at 950°C and the following thermal treatment at 

1000 °C. A unique bi-phase microstructure with distinct Cr-rich and Si-rich phases has 

been observed for the 25 vol.% Cr3C2@SiC-NFA composite, while for the NFA sample, 

the traditional large grain microstructure remains. Grain sizes are significantly smaller for 

the 25 vol.% Cr3C2@SiC-NFA composite compared to those for the pure NFA, which 

can be attributed to the presence of grain boundary phases in the composite sample. 

During the thermal treatment, microstructure features can be directly correlated with the 

dissolution kinetics and phase diagrams calculated using Thermo-

Calc/DICTRA/PRISMA®.  
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1. Introduction  

The viability of advanced nuclear energy systems strongly depends on the development 

of new materials that can deliver high performance in aggressive environments at elevated 

temperatures. Fuel cladding separates radioactive nuclear fuels from coolants. Selection of 

appropriate materials for cladding plays a critical role in nuclear reactor safety and durability. 

Currently, all major commercial nuclear reactors (Gen II) use zirconium based alloy (e.g., 

Zircalloy, ZIRLO, M5, etc.) fuel claddings [1-4]. However, zirconium alloy based claddings are 

notorious for hydrogen embrittlement and reaction with steam at elevated temperatures, 

especially during ‘loss of coolant accident (LOCA)’ events [1, 3, 4]. Numerous materials such as 

ferritic steels [5-7], ferritic-martensitic steels [8-10], ODS alloys [11-13], austenitic stainless steels [1, 4], 

SiC [14-17], and nickel based alloys [1, 2, 4] are being studied to replace zirconium alloy based 

claddings in order to achieve higher nuclear reactor safety and efficiency for Gen II and Gen III 

light water reactors, as well as to be used as new cladding materials in the proposed Gen IV 

reactors to withstand a nuclear exposure dose of 50-150 dpa at 550-1000 oC [3, 6, 7, 14, 16-18]. 

Nanostructured ferritic alloys (NFAs), a special type of oxide dispersion strengthened (ODS) 

ferritic steels, are being considered as a promising nuclear cladding material for both nuclear 

fission and fusion reactor systems [13, 19-21]. The combination of desirable properties, such as 

resistance to high temperature corrosion, irradiation, void swelling, and creep as well as high 

temperature strength makes NFAs very attractive for nuclear applications [3, 7, 22, 23]. 

Silicon carbide (SiC) is being widely considered as another desirable cladding material 

for nuclear reactors. It exhibits high irradiation resistance, excellent high temperature strength, 
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slow oxidation kinetics, and high chemical stability [15, 24-27]. SiC and its composites are being 

intensively studied for their use in fusion reactors, LWR fuel claddings [28-30], and high 

temperature gas reactors [30-32]. They are stable and effective against irradiation as nuclear reactor 

structural components. 

Spark plasma sintered NFA and SiC-NFA composites with and without reaction barriers 

(Cr3C2 and carbon) were explored in our previous research [33-36] for nuclear reactor claddings. A 

Cr3C2 coating on SiC particles (Cr3C2@SiC) and a carbon coating on NFA (C@NFA) particles 

were created in order to suppress the formation of detrimental reaction products such as iron 

silicides (Fe3Si, FeSi) [35, 36]. Our earlier work reported density, hardness, and preliminary 

microstructural characterization of spark plasma sintered (SPS) Cr3C2@SiC-NFA composites 

with various Cr3C2@SiC volume fractions. These composites showed excellent mechanical and 

high temperature oxidation and irradiation properties [36-39]. With combined properties of NFA 

and SiC, they can serve as a promising candidate for fuel cladding to replace existing zirconium 

based alloys. 

This work reports detailed microstructural characterization and comparison of the pure 

NFA and Cr3C2@SiC-NFA composite after the SPS sintering. Microstructural evolution during 

prolonged thermal treatment at 1000oC is also discussed. Phase evolution and precipitate 

formation are evaluated using Thermo-Calc/DICTRA/PRISMA simulations. 

2. Materials and methods 

The NFA powder was prepared using high energy ball milling of a ferritic steel powder 

(Fe-9Cr-2W-0.4Ti-0.2V-0.18C) with 0.3 wt% Y2O3 in an argon atmosphere (average size ~15 

μm, ball milling was performed at Oak Ridge National Laboratory). SiC particles (Grade UF-15, 

α-SiC, ~1.25 μm average size, H.C. Starck, Karlsruhe, Germany) were coated with Cr3C2 using a 



4 
 

melt salt method followed by reduction treatment at high temperatures. The NFA and 25 vol.% 

Cr3C2@SiC powder were mixed and densified using spark plasma sintering (SPS) at 950 oC with 

a heating/cooling rate of 50 oC/min, applied pressure of 100 MPa, and holding time of 10 min. 

Detailed procedures of creating the Cr3C2 coating on SiC and sintering the pure NFA and 

Cr3C2@SiC-NFA composite were reported in our previous work [36].  

The SPS densified NFA and 25 vol.% Cr3C2@SiC-NFA composite were treated at 

1000oC in an argon atmosphere for 50 hours. The thermal treatment was performed in a tube 

furnace (1730-20 HT Furnace, CM Furnace Inc., Bloomfield, NJ) with a gas flow of ~1.2 L min-

1 at 1 atm pressure.  

Microstructures were analyzed using scanning electron microscopy in the backscattered 

mode (FEG E-SEM QUANTA600, FEI Company, Hillsboro, OR, USA) and the compositions 

were analyzed using energy dispersive spectroscopy (Bruker EDS). An electron backscatter 

diffraction detector (TSL/EDAX/EBSD attached to a focused ion beam microscope (FIB), Helios 

Nanolab, FEI Company, Hillsboro, OR, USA) was used to characterize grain size and grain size 

distribution. The EBSD measurements were performed using a 20 kV beam (probe current = 11 

nA) with a 70° tilt angle to the horizontal axis. The EDAX Team software was used to collect 

data and the OIM analysis software was used for post processing and data analysis without the 

problem of interconnecting grains. EBSD maps were cleaned using grain dilation routing with 

default parameters (grain tolerance angle ~5° and minimum grain size ~2 pixels).  

 STEM-EDS analysis was performed using scanning transmission electron microscopy 

(JEOL 2100 attached with an EDS detector). The samples for the STEM-EDS analysis were 

obtained by cutting a thin sample section (~400 μm) using a Beuhler Isomet low speed saw. The 

section was then gently polished with diamond papers (~1 μm size) up to ~60 μm thickness. 
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Final thinning was carried out using a Fischione 1010 low angle ion mill under a 3 kV argon ion 

beam, a 5 mA current, and a 12° incident angle. The JEOL TEM was also used to acquire 

electron diffraction patterns from various phases. CrystalMaker and CrysTBox software 

packages were used for phase identification based on diffraction pattern analysis.  

ThermoCalc® software was used to calculate the phase diagram of the NFA and SiC 

system. The Si and C elements were simultaneously varied in the same amount in the NFA alloy 

to mimic addition of SiC. The DICTRA module in ThermoCalc was used to simulate the 

dissolution of spherical SiC particles in NFA at the sintering temperature of 950 oC. Diffusion 

profiles of important elements (Fe, Cr, Si, and C) were plotted against the distance from the SiC-

NFA interface to estimate the amount of SiC dissolution. Finally, the formation of new 

precipitates and their sizes after sintering and thermal treatment were estimated using TTT 

diagram and PRISMA module in ThermoCalc. The Y and O elements were not considered for 

simulation because Y-rich nanoclusters should have formed much before the dissolution of 

Cr3C2@SiC in NFA owing to the supersaturation (of Y and O in NFA) during mechanical 

alloying itself. Since SiC dissolved into the NFA very fast  and the amount was much higher (25 

vol.%) than the Y2O3 content (0.3 wt%), the impact of the Y2O3 nanoclusters in the SiC 

dissolution was ignored. TCFE9 and MOBFE4 databases were used for all these calculations.  

3. Results and discussion 

3.1. Microstructural evolution during spark plasma sintering 

Fig. 1 shows the SEM micrographs of the spark plasma sintered NFA and 25 vol.% 

Cr3C2@SiC-NFA samples. The NFA sample shows mainly equiaxed grains along with some 

pores at the grain boundaries; there are no visible secondary phases, as indicated in Fig. 1(a). The 

microstructure of the 25 vol.% Cr3C2@SiC-NFA sample shows fine light gray precipitates (P1) 
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in a dark gray matrix as shown in Fig. 1(b). The precipitates (P1) form interconnected structures, 

possibly due to their large volume fraction and coalescence of adjacent growing precipitates 

during the spark plasma sintering process. Very fine and bright precipitates (P2) can also be seen 

throughout the microstructure (Fig. 1(b)). The dark phase (pointed out by the green arrow) in 

Fig. 1(b) is a graphite precipitate as identified in our previous work [36]. The P1 and P2 

precipitates are identified as M7C3 and MC type carbides and will be discussed in detail in 

Section 3.2. All these precipitates, P1, P2, and graphite, are a result of reactions between the 

NFA and Cr3C2@SiC particles during the spark plasma sintering, as to be discussed in Section 

3.3. It should be mentioned that Y-Ti-O-rich precipitates (or clusters) are present in the NFA and 

25 vol.% Cr3C2@SiC-NFA samples. However, they are too fine to be visible in these images. 

Previous studies on various ODS/NFA alloys have shown that very fine (2-4 nm) Y-rich 

nanoclusters (such as Y-Ti-O) are only visible from high magnification TEM images with certain 

imaging conditions or using atom probe tomography. Examples are the work of Massey et al. [40], 

which showed no oxide clusters under TEM and EDS but the opposite through atom probe 

tomography, as well as Kishimoto et al.’s [41] work on 14CrYWTi alloy, which showed no oxide 

clusters in a low magnification bright field TEM image, but with dark field imaging under high 

magnification showed the presence of the nanoclusters. Since Y-Ti-O nanoclusters are not the 

focus of this study, these experiments were not performed. Previous research on the same NFA 

alloy has reported the presence of 2-4 nm Y-Ti-O nanoclusters with a high number density 

(~1024 m-3). Recent work on spark plasma sintered 9Cr [42] and 14Cr [43, 44] ODS alloys have 

reported fine Y-Ti-O nanoclusters in the microstructures. It is fair to assume that both NFA and 

Cr3C2@SiC-NFA composites reported here contain fine Y-Ti-O nanoclusters. In addition, 
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extensive studies on the functions of these clusters have been carried out before [45, 46] and will 

not be discussed here.  

Fig. 2(a) shows the EBSD inverse pole figure (IPF) map of the SPS sintered NFA 

specimen. The grain size is on average ~15 μm but the microstructure has a mixture of very large 

grains (~45 μm) and plenty of small grains (4-5 μm). Such a bimodal grain size distribution has 

been previously observed in various SPS sintered ODS alloys [42, 47-54]. The behavior is attributed 

to variations in dislocation density and heterogeneous distribution of Y-Ti-O nanoclusters, which 

create heterogeneous grain boundary pinning effects and also local variations in heat distribution 

due to the joule heating effect during the SPS process [48, 53, 55]. The IPF map in Fig. 2(a) shows 

no preferential grain orientation and almost fully recrystallized grains with no remnants of 

dendritic microstructures from the starting powder. Fig. 2(b) and (c) shows the IPF maps of α-

ferrite and M7C3 grains of the 25 vol.% Cr3C2@SiC-NFA composite respectively. There is no 

preferential grain orientation for the α-ferrite grains. The size of the α-ferrite grains is much 

smaller (~3 μm) compared to that of the NFA sample (~15 μm). The overall smaller size grains 

in the 25 vol.% Cr3C2@SiC-NFA composite can be attributed to the strong pinning effect due to 

the significant precipitation of the P1 and P2 phases as a result of the reactions between NFA and 

Cr3C2@SiC during the spark plasma sintering. Fig. 2(c) shows that the interconnected worm-like 

structure of the M7C3 (or P1) precipitates consists of small (1-1.5 μm) sized equiaxed grains with 

no preferential orientation. Fig. 2(d) shows the EBSD phase map of the 25 vol.% Cr3C2@SiC-

NFA composite with the α-ferrite and M7C3 phases. The shape and size of the α-ferrite and M7C3 

phases correspond well with the dark gray and light gray regions in the SEM image as shown in 

Fig. 1(b) respectively. 
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3.2. Effect of thermal treatment on microstructures 

Fig. 3 shows the microstructures of the NFA and 25 vol.% Cr3C2@SiC-NFA composite 

after the thermal treatment at 1000 oC for 50 h. The NFA sample (Fig. 3(a)) shows equiaxed 

grains, similar to those observed before the thermal treatment (Fig. 1(a)). The 25 vol.% 

Cr3C2@SiC-NFA composite after the treatment (Fig. 3(b)) shows dark gray NFA (ferrite) grains, 

light gray P1 precipitate, and fine bright P2 precipitate, similar to those before the thermal 

treatment (Fig. 1(b)). The major change is the grain sizes. Fig. 4 shows the size and volume 

fraction of the precipitates (P1, P2) before and after the 1000 oC treatment measured using 

ImageJ software (grey scale method was used for volume fraction measurement). The sizes of 

the P1 and P2 precipitates show 110% and 108% increases, respectively, after the thermal 

treatment at 1000 oC. The volume fractions of the P1 and P2 precipitates show 37.5% and 75% 

increases respectively. Therefore, the thermal treatment at 1000 oC has resulted in significant 

coarsening and potentially more nucleation of the existing precipitates (P1 and P2). In both 

cases, the amount of the P2 phase (MC) is significantly less than that of the P1 phase (M7C3). 

Fig. 5 shows the STEM bright field images of the 25 vol.% Cr3C2@SiC-NFA composite 

after the thermal treatment at 1000 oC for 50 h. The bright region is Fe-rich (Fig. 5(b)). This 

phase is similar to the dark grey NFA grains in the corresponding SEM images (Figs. 1(b) and 

3(b)). The dark region in Fig. 5 can be correlated with the P1 precipitate in the SEM images in 

Figs. 1(b) and 3(b). The diffraction patterns corresponding to the bright region (NFA) and dark 

region (P1) in Fig. 5 are shown in Fig. 6(a) and (b), respectively. The patterns are indexed by 

comparing with the simulated patterns from the CrysTBox and CrystalMakerTM software 

packages and Fig. 6(a) and (b) are consistent with standard NFA and M7C3 crystallographic files 

(.cif files available on the Crystallography Open Database (COD) website). The NFA region has 
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been indexed as an α-ferrite phase, while the P1 phase is identified as a M7C3 phase, which is 

consistent with the EBSD results from Fig. 2(c). The EDS mappings in Fig. 5(a) and (b) show 

that the M7C3 phase is rich in both Fe and Cr. Therefore, the composition of the P1 precipitates 

should be (Fe,Cr)7C3.  

Some fine precipitates can be observed in both the bright and dark regions as shown in 

Fig. 5(a) and (b). This phase is made up of the bright fine precipitates (P2) observed in Fig. 1(b) 

and 3(b). The EDS analysis shows Ti- and W-enrichment in these precipitates. The W-

enrichment explains the bright contrast in the SEM images (Figs. 1(b) and 3(b)). These 

precipitates are believed to be (Ti,W)C, i.e. MC type carbides [56]. It should be mentioned that the 

presence of the M7C3 and MC carbide phases has been previously reported for various ODS and 

ferritic alloys [56-59]. STEM images in Fig. 5 are at low magnification.  

3.3. Fundamental understanding of microstructural evolution 

Fig. 1(b) shows that the spark plasma sintering process has resulted in complete 

dissolution of the Cr3C2@SiC powder and formation of new phases such as (Fe,Cr)7C3, (Ti,W)C, 

and graphite. The reactions between SiC and NFA after the coating dissolution can be divided 

into two steps. The first step is dissociation of SiC into Si and C, according to Eq. (1). The 

dissociated Si and C atoms diffuse into NFA, thus forming Si- and C-containing supersaturated 

NFA. This supersaturated NFA then leads to the precipitation of graphite, M7C3, and MC phases 

as shown in Fig. 1(b). 

SiC →   Si��� + C��� (1) 

The dissolution kinetics of SiC has been studied using the DICTRA® software package as 

shown in Fig. 7. Within only 400 s, a significant amount of SiC region has dissolved (~4.3 μm 

thick) in the NFA at 950 oC. This behavior is driven by the high diffusivities (2.37×10-13 m2/s 
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and 1.31×10-10 m2/s) of Si and C respectively in the α-ferrite matrix. Since the original SiC 

particle size was around 1-2 μm, all the SiC particles should have dissolved in the NFA matrix. 

Therefore, it can be assumed that supersaturated NFA with homogeneous Si and C compositions 

has formed at a sintering temperature of 950oC according to Eq. (1). Fig. 8(a-d) shows diffusion 

behaviors of important elements (Fe, Cr, Si, and C respectively) in this system. The diffusion 

behavior of Si and C in Fig. 8(b) and (d) clearly shows significant penetration inside the NFA 

matrix after SiC dissolution (around ~20 μm for Si and ~60 μm for C).  

The second step involves formation of equilibrium phases from the newly homogenized 

composition. This leads to the precipitation of graphite, (Fe,Cr)7C3, and (Ti,W)C phases 

according to the reaction in Eq. (2). The phase diagram of the Cr3C2@SiC-NFA composite in 

Fig. 9 confirms the formation of these phases. The precipitation of the secondary phases from the 

supersaturated NFA can be visualized using the phase diagram in Fig. 9 and the TTT diagram in 

Fig. 10. It shows the presence of NFA (α-ferrite with dissolved Si), graphite, and carbides 

(Fe,Cr)7C3 and (Ti,W)C. This observation correlates well with the results from our previous 

work where Si dissolved α-ferrite and graphite were observed using SEM-EDS [36]. The phase 

diagram was constructed using the ThermoCalc console mode, where the Cr3C2@SiC content in 

the NFA was varied rather than only varying a single element.  The TTT diagram in Fig. 10 

shows that all the precipitates form almost instantaneously (<10-2 s) at 950 oC (during the 

sintering) as well as during the thermal treatment at 1000 oC.  

NFA 
supersaturated with Si and C� → NFA 
Si� + 
Fe, Cr��C� + 
Ti, W�C + C (2) 

In Fig. 4, both the size and volume fraction of the M7C3 and MC type precipitates 

increase after the 1000 oC thermal treatment. This means that the thermal treatment has resulted 

in coarsening of the precipitates formed during the SPS sintering along with potential nucleation 
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of new (Fe,Cr)7C3 and (Ti,W)C type precipitates based on the TTT diagram in Fig. 10. 

Precipitation simulations were carried out at 1000 oC using the PRISMA module of the 

ThermoCalc software to estimate the size of the M7C3 and MC carbides after the thermal 

treatment. The simulated sizes of the (Fe,Cr)7C3 and (Ti,W)C type carbides match reasonably 

well with the experimental results as shown in Fig. 11. Fig. 12(a) and (b) shows the SEM 

micrographs of the Cr3C2@SiC-NFA composite after the thermal treatment at 1000 oC for 25 and 

75 h, respectively. The precipitate sizes after the 25 h and 75 h treatment are also plotted in Fig. 

11. The estimated sizes of the (Fe,Cr)7C3 and (Ti,W)C type precipitates before the thermal 

treatment (or after sintering) are much smaller than the actual sizes in Fig. 4. This means local 

overheating and enhanced diffusion under the electric current in the SPS sintering must have 

accelerated the nucleation and growth of these precipitates, since the ThermoCalc software 

cannot consider the electric field effect. This process can be visualized using enhanced mass 

transport from an electromigration theory in Eq. (3): 

� = − # $ 
%& '%& ( ln $ 

(* + +,∗./ 
(3) 

where Ji is the flux of the diffusing species i, Di is the diffusivity of the species, Ci is the 

concentration of the species, F is Faraday’s constant, z* is the effective charge on the diffusing 

species, E is the field, R is the gas constant, and T is temperature. 

Coarsening of the (Fe,Cr)7C3 and (Ti,W)C precipitates can be visualized based on the 

Ostwald ripening equation:                                                                

1� − 12� = 84567#
9%& 9 = :9 

(4) 
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where r and ro are the radii of the precipitate before and after the thermal treatment, respectively, 

γ is surface energy, c is the solubility of the precipitate, D is the diffusivity of the precipitate, ν is 

the molar volume of the precipitate, t is time, and k is coarsening rate coefficient.  

For the (Fe,Cr)7C3 and (Ti,W)C precipitates, the coarsening rate coefficient k can be 

calculated using the ThermoCalc-DICTRA module as shown in Fig. 13. The estimated sizes of 

the (Fe,Cr)7C3 precipitates after the 1000 oC treatment for 25, 50 and 75 hours are 1.19 μm, 1.33 

μm, and 1.44 μm, while the experimental values are 1.3±0.3 μm, 2.1±0.4 μm, and 2.2±0.5 μm 

respectively. Similarly, the estimated sizes of the (Ti,W)C precipitates after the 1000oC treatment 

for 25, 50 and 75 hours are 0.147 μm, 0.181 μm, and 0.205 μm, while the experimental values 

are 0.095±0.03 μm, 0.16±0.5 μm, and 0.15±0.08 μm respectively. The simulated sizes of both 

(Fe,Cr)7C3 and (Ti,W)C precipitates are reasonably close to the size range observed during the 

experiments.  

4. Conclusion 

Microstructural evolutions of spark plasma sintered NFA and 25 vol.% Cr3C2@SiC-NFA 

composite before and after the thermal treatment at 1000 oC for 50 h were studied. The grain 

sizes for the 25 vol.% Cr3C2@SiC-NFA composite are far smaller than those for the NFA sample 

(2 μm vs. 12 μm). The 25 vol.% Cr3C2@SiC-NFA composite shows a large amount of 

(Fe,Cr)7C3 and (Ti,W)C carbides in the microstructure along with the α-ferrite (NFA) matrix. 

The precipitates (Fe,Cr)7C3 and (Ti,W)C show considerable increase in size and volume fraction 

after the 1000 oC thermal treatment. The microstructural evolution of the 25 vol.% Cr3C2@SiC-

NFA composite during the SPS sintering and after the thermal treatment can be explained using 

the ThermoCalc phase diagram and diffusion/precipitation simulations. The coarsening rate of 
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the precipitates ((Fe,Cr)7C3 and (Ti,W)C) calculated using the ThermoCalc DICTRA module 

matches well with the experimental results.  
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Figure list: 

 

Fig. 1. SEM micrographs of (a) NFA and (b) 25 vol.% Cr3C2@SiC-NFA composite after the 

SPS sintering (the right side is the magnified image of the left side for each sample). 
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Fig. 2. (a) IPF map of the NFA sample; IPF maps of (b) α-ferrite grains and (c) M7C3 grains, and 

(d) phase map of the 25 vol.% Cr3C2@NFA-SiC composite after the SPS sintering.  

 

Fig. 3. SEM micrographs of (a) NFA and (b) 25 vol% Cr3C2@SiC-NFA composite after the 

thermal treatment at 1000oC for 50 hours (the right part is the magnified image of the left part).  

 

Fig. 4. (a) Size and (b) volume fraction of P1 and P2 precipitates before and after the 1000 oC 

thermal treatment for 50 h.  
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Fig. 5. STEM-BF images (a, c) with corresponding EDS mappings (b, d) for the Cr3C2@SiC-

NFA composite after the 1000 oC treatment for 50 h. 
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Fig. 6. Diffraction patterns from the (a) bright area and (b) dark area (P1) in Fig. 5(a). 

 

Fig. 7. Dissolution kinetics of SiC in the NFA matrix at a sintering temperature of 950 oC.  

 

Fig. 8. Diffusion behaviors of (a) Cr, (b) Si, (c) Fe, and (d) C based on the ThermoCalc-DICTRA 

simulations during sintering at 950 oC. 
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Fig. 9. Phase diagram of the Cr3C2@SiC-NFA system.  

 

Fig. 10. TTT diagram of graphite, (Fe,Cr)7C3, and (Ti,W)C phases for the 25 vol.% Cr3C2@SiC-

NFA composite.  
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Fig. 11. ThermoCalc PRISMA simulations of the size of (a) (Fe,Cr)7C3 and (b) (Ti,W)C 

precipitates and the corresponding experimental values after the sintering and thermal treatment 

(Data points with error bars show experimental values, which are also reported in Fig. 4(a); 

curve plots show simulation results).  

  

Fig. 12. SEM micrographs of Cr3C2@SiC-NFA composites after thermal treatment at 1000 oC 

for (a) 25 h and (b) 75 h.  
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Fig. 13. ThermoCalc DICTRA simulations of the coarsening rate coefficient of the (Fe,Cr)7C3 

and (Ti,W)C precipitates.  




