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Abstract 

Grains in crystalline materials usually grow with increased thermal exposure. Classical 

phenomena such as recrystallization may lead to a purely temporary decrease in the grain size, 

while recent advances in alloy design can yield thermally stable nanocrystalline materials in 

which grain growth stagnates. But grains never shrink, since there is a lack of interface-

generating mechanisms at high temperatures, which are required to decrease the grain size if 

such was the system’s thermodynamic tendency. Here we sidestep this paradigm by designing a 

nanocrystalline alloy having an allotropic phase transformation – an interface-generating 

mechanism – such that only the high-temperature phase is stabilized against grain growth. We 

demonstrate that for an Fe-Au alloy cycled through the α↔γ transformation, the high-

temperature phase (γ-Fe) has a stable fine grain size, smaller than its low-temperature 

counterpart (α-Fe). The result is an unusual material in which an increase in temperature leads to 

finer grains that are stable in size. 
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Main Text 

One of the most common themes in materials science, grain growth is ubiquitous in nature [1,2]. 

In crystalline materials, it stems from the inherent energetic penalty, which drives the material to 

eliminate grain boundaries, en route to a thermodynamically favored single crystal  [3]. One 

feature of grain growth is that it is monotonic, ever increasing with time-at-temperature, although 

the details of the time and temperature dependencies can vary and be quite complex [4–6]. Very 

few significant deviations from monotonic grain growth are known, for which two primary 

families of phenomena can be held accountable, as illustrated in Fig. 1. The first involves 

recrystallization in response to large amounts of stored defect energy, often introduced by plastic 

deformation [7], or in response to a phase transformation as for example in austenitizing of 

steel [8]. Similarly, some solid state reactions, such as discontinuous precipitation, may also 

result in transient grain refinement due to vacancy supersaturation, though the magnitude of this 

effect is typically small [9]. Such cases allow for the formation of many new fine grains, which 

effectively reduces the average grain size upon annealing. However, once this excess energy is 

released the system proceeds to conventional grain growth; the initial grain shrinkage is only 

transient in nature. The second deviatory phenomenon is grain size stabilization, or the arrest of 

grain growth once grains have reached a certain size  [10]. Such a stable grain size can be 

dictated by kinetic impediments, such as second phase precipitates [11,12], or grain boundary 

grooving and other surface-related phenomena in thin films [13–15]. More recently, in alloyed 

nanocrystalline materials grain size stabilization has become associated with thermodynamic 

considerations (grain boundary segregation) [10,16,17]. Regardless of stabilization mechanism, 

thermally stable grain structures reach their stable grain size “from below”: their initial grain 
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structure is commonly obtained by some non-equilibrium processing method and is finer than the 

stable size, to which the system grows [18] (Fig. 1).  

 

We are not aware of cases where a stable grain size is approached “from above”, i.e., occurring 

by a natural mechanism of grain shrinkage. Theoretically, in alloyed systems involving grain 

boundary segregation there is support for such grain shrinkage being energetically plausible, as a 

finer grain size can accommodate more solute segregation and can therefore offset an energy 

penalty of dissolving that solute in the grains [19]. However, spontaneous grain shrinkage would 

require an interface-generating mechanism to increase the total grain boundary area (i.e. reduce 

the grain size).  

 

In this work we propose a method to sidestep the monotonic grain growth paradigm, by 

combining the two ‘deviating’ phenomena above. By combining a recrystallization-like event to 

produce additional grain boundary area, with a segregation-based stabilization mechanism, we 

report an alloy designed to exhibit grains that shrink and remain fine in a stable condition 

following a high temperature phase transformation. In such an alloy, we expect the grains of the 

high temperature phase to be stable and smaller compared with its low temperature counterpart, 

so that the grain size is effectively reduced even though the temperature had increased, as 

illustrated in Fig. 1. 

 

To demonstrate this behavior we begin our alloy design process with the regular nanocrystalline 

solution model [20] and subsequent improvements of it [21–23]. The output of this model is a 

“stability map”, which is divided into three distinct zones [22]. Each map is plotted for a 
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particular solvent, and is populated by solutes based on their “bulk” enthalpy (comprised of the 

enthalpy of mixing, ΔHmix, and enthalpy of compound formation, ΔHc), and the enthalpy of grain 

boundary segregation, ΔHseg (see Fig. 2). A desired microstructure can then be designed by the 

appropriate choice of solute. Here we retain the simplicity of a binary alloy but consider the 

inclusion of different structural phases (allotropes) of a solvent in the construction of the stability 

map. The rationale behind this choice is that these transformations generate interfaces 

spontaneously at elevated temperatures [3]: grains of the new phase grow from atomically-small 

nuclei and, therefore, have a fair chance to find their equilibrium grain size during their 

transformation out of the parent phase. The details of our model are provided in the 

Supplementary Materials [24]. To the best of our knowledge, the inclusion of an allotropic phase 

transformation in the design of nanocrystalline alloys has not been considered before, and very 

few works have explored such transformations in the nanocrystalline framework. In those works 

Kotan et al. [25] and Huang et al. [26] studied the thermal stability of ball-milled Fe91Ni8Zr 

alloys at different temperatures and found that the high temperature phase (γ-Fe) had a notably 

higher grain size than its low temperature counterpart (α-Fe). Note that this is consistent with 

conventional expectations for monotonic grain growth, with higher temperatures leading to 

larger grains. We return to analyze and compare our results with these in a subsequent section. 

 

In the context of the map in Fig. 2, upon a phase transformation, a solute may cross a stability 

line into a different stability zone, thereby altering the thermodynamically-favored 

microstructure of the material. We are particularly interested in the case where this occurs 

between a coarse-grained or bulk state (red and yellow zones in Fig. 2) to a stable 

nanocrystalline state (green zone in Fig. 2). Under such circumstances, the low temperature 
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phase may exhibit coarsening of its grains, whereas the high temperature phase may adopt a 

stable nanocrystalline state. Upon heating across the transformation temperature such an alloy 

would exhibit the desired deviatory behavior from monotonic grain growth, in which the grain 

size would shrink upon the transformation event and then remain stable at the nanoscale. To find 

such a system, we populate the stability map for Fe in Fig. 2 with several metallic solutes which 

were recently used in nanocrystalline Fe-based alloys [25–29]: Zr, Ni, Mg, Cr, and Au. Upon the 

α→γ transformation most solutes shift their position on this map, but remain within the same 

stability zone. However, Au presents a notable exception because in α-Fe it favors bulk phase 

structures, while in the high temperature phase, γ-Fe, its position in the map moves into the 

“nanostructure” zone. Therefore, Fe-Au alloys are promising candidates for the proposed 

deviatory grain growth behavior we seek.  

 

We prepared nanocrystalline Fe95Au5 powders by high-energy ball milling of elemental powders. 

The milling process results in micron-sized powders comprised of a homogeneous α-Fe solid 

solution supersaturated with Au, with a grain size of about 10 nm, similar to other 

nanocrystalline alloys prepared by this route [28]. We then performed in-situ x-ray diffraction 

(XRD) experiments at elevated temperatures to study the microstructure evolution and phase 

transformation in the powders as a function of time and temperature (see Supplementary 

Materials [24] for complete experimental details). Fig. 3a shows the Fe grain size during 

annealing. First, the grain size of α-Fe is shown at 700 and 800°C, plateauing somewhat after 

about 2.5 hours at each temperature. Upon heating to 1000°C γ-Fe is produced through the 

allotropic transformation (which is completed by the start of the measurement), and its grain size 

stabilizes quickly at that temperature and at 1100°C as well. The most striking feature in Fig. 3a 
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is that the grain size of γ-Fe at 1000°C stabilizes at a smaller value (~115 nm) than the grain size 

of its parent phase α-Fe (~130 nm) at the substantially lower temperature of 800°C. Even at 

1100°C (nearly 80% of the alloy’s absolute melting temperature), the grain size of γ-Fe stabilizes 

rapidly at ~130 nm.  

 

The results in Fig. 3a reflect the prediction of the stability map in Fig. 2: upon the allotropic 

transformation Au shifts to the “nanostructure” zone in γ-Fe phase; and follows Fig. 1 – grain 

growth following the phase transformation arrests at a lower value than prior to it. 

 

To better understand this result, we conducted an additional in-situ XRD experiment where the 

powder was cycled through the transformation several times, with the essential features shown in 

the inset of Fig. 3a. There, three cycles through the transformation (at 850 and 1000°C) are 

shown. The grain growth curves are shifted on the time axis to have a common origin, and 

exhibit the same behavior: the grain size of γ-Fe is always lower than that of α-Fe. This is unique 

since after the first cycle, the heavily-deformed ball milled microstructure is essentially erased, 

so that this effect is shown on a “clean slate”. Indeed, the first cycle in the inset of Fig. 3a 

appears slightly different from the others. The cycling procedure is shown in full detail in Fig. 

S1, where the precipitation/dissolution of Au was also tracked: Au clearly precipitates out of α-

Fe and grows with time, but is then completely dissolved in γ-Fe. This behavior also recurs with 

subsequent cycling.  

 

Since the Fe α↔γ transformation mechanism has been the subject of countless works, we do not 

focus on it here. Instead, we provide a simple schematic illustration of microstructure evolution 
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during and after the transformation in Fig. 3b, which depicts our view of the transformation 

based on the XRD results and the known morphology of phase transformations in the Fe-Au 

system. The microstructure of α-Fe is shown on the left: Fe-rich grains contain dissolved Au at 

the solubility limit. The remaining Au can be found in elongated nanoprecipitates; their 

morphology is based on transmission electron microscopy (TEM) shown in Fig. S2 and is 

described in the Supplementary Materials [24]. Upon heating past the transformation 

temperature, these dissolve and Au diffuses into newly forming γ-Fe grains, which nucleate at α-

Fe grain boundaries and triple lines. These γ-Fe grains grow, reaching a smaller size than their 

parent grains, resulting in a finer microstructure in which Au is completely dissolved, and, 

importantly, decorates the grain boundaries, providing stability to the grain structure. Upon 

cooling, the reverse transformation occurs and α-Fe grains grow as Au precipitates from 

solution, forming the nanoprecipitates. The grains continue to grow with time resulting in a 

coarser microstructure than before. 

 

We compare our results to a set of different nanocrystalline alloys prepared, annealed and 

characterized in the exact same manner as our Fe-Au powders: pure Fe, Fe85Mg15, Fe81Cr19Mg 

and Fe90B10. We also compare with the two prior published works on grain growth and phase 

transformation in nanocrystalline alloys: those of Kotan et al. [25] and of Huang et al. [26] on 

Fe91Ni8Zr. The comparison is shown in Fig. 4, where the grain size is plotted as a function of 

annealing temperature for both phases. Our results (Fig. 4c,d) represent the apparently stable 

grain size at each temperature, i.e., the saturation grain size that appears to be unchanging at the 

end of an annealing time of 2-3 hours per temperature; in literature results (Fig. 4b) the annealing 

time was much shorter and grain size stability was not reported, although is principally expected 
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for Zr (Fig. 2). As a baseline, we examined the grain size of pure nanocrystalline Fe through the 

phase transformation (Fig. 4a): the grain size increased with temperature through the 

transformation. The data points are accompanied by upward-pointing arrows to indicate 

metastability, meaning that grains would continue to coarsen if the annealing time at each 

temperature (which was consistent between all of our experiments) was longer. Regardless, the 

grain size of γ-Fe is expectedly higher than that of α-Fe. This trend repeats for all other alloys, 

and is especially pronounced in the results for Fe91Ni8Zr alloys. These results are in line with the 

stability map shown in Fig. 2: stabilizing alloying elements, such as Mg and Zr lend substantial 

thermal stability to α-Fe, yet upon transformation to γ-Fe they only shift slightly on the stability 

map and remain within the “nanostructure” zone. Additions of Ni and Cr are not expected to 

stabilize the grain size of α-Fe and remain inside the unstable zone of the stability map (i.e. bulk 

states), meaning that neither contribute to high temperature grain size stability. Only in the case 

of Fe-Au (Fig. 4d) does the stable grain size of γ-Fe decrease after the transformation even 

though the temperature is increased. This trend is found with respect to temperature, as well as 

with time (Fig. 3a), in line with our schematic in Fig. 1. 

 

It should be noted that the results in Fig. 4 for Fe91Ni8Zr and for two of our alloys (Fe81Cr19Mg 

and Fe90B10) reveal a two phase coexistence. This was deliberate for Fe91Ni8Zr as the authors 

studied the transformation mechanism in those alloys, whereas in our alloys, the two-phase 

coexistence was transient: the transformation didn’t complete during the annealing time yet the 

peaks of the unstable phase decreased in intensity with time. The effect of the transformation 

itself on thermal stability is a complex topic owing to the thermodynamics of segregation to 

interphase boundaries simultaneously with grain boundaries of both phases, and will be the 
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subject of future work. Here we selected annealing temperatures that were high enough such that 

transformation completes rapidly, and thermal stability is studied in a single-phase alloy (Fig. 3 

and Fig. S1).  

 

In our alloy design approach, we intended for the high temperature thermal stability of γ-Fe in 

our Fe-Au alloy to stem from thermodynamic stabilization by grain boundary segregation of Au 

atoms, and the experimental results generally support such an interpretation. Above the 

transformation temperature γ-Fe is the only observed phase, meaning that all Au atoms dissolved 

into it. No stable compounds are known for this system [30], and no oxidation is expected for 

such alloys [31], so that Au atoms are either in the bulk of Fe grains or along their grain 

boundaries. Segregation of Au at grain boundaries is well documented in α-Fe [32,33], and even 

though the FCC structure of γ-Fe differs by its coordination number and grain boundary 

structure, the main predictor for segregation – a large mismatch in atomic size [34,35] – remains 

unchanged. Indeed, our estimations of ΔHseg revealed similar values between the phases (see 

Supplementary Materials [24]). Finally, the effects of kinetics on the observed results must be 

addressed: whether the lower grain size in γ-Fe is the result of much lower mobility or some 

other hindrance to microstructure evolution. We estimated the diffusion lengths in our alloy and 

found them to be significantly larger than the grain size under our annealing conditions. Any 

impurity effects can be neglected simply because our comparison to other alloys (most prepared 

and annealed in the same manner) revealed the conventional behavior of larger γ-Fe grains (Fig. 

4). Even drag exerted by Au solute in grain boundaries was found to be negligible at the high 

temperatures and long annealing times employed in this study. The complete details of our 

kinetic analysis can be found in the Supplementary Materials [24]. 
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The counter-intuitive behavior exhibited by our nanocrystalline Fe-Au alloy sidesteps the 

conventional paradigm of grain growth: by combining a recrystallization-like event (phase 

transformation) with alloy design criteria for stable nanocrystalline alloys, we attained a lower 

and stable grain size at a higher temperature. The phase transformation provides a “clean slate” 

for the system to find its new equilibrium grain size, which may be lower than the grain size in 

the preceding low-temperature phase for certain solutes. We demonstrated that this behavior 

could be cycled several times and, therefore, our approach provides a critical test for theories of 

thermodynamic stabilization of nanostructures by grain boundary segregation. These are often 

challenged by the effect of the deformed initial microstructure and by the emergence of second-

phase precipitates which contribute to kinetic stabilization [28,29]. Our approach also allows the 

design of an alloy having some or all of its phases stabilized by different solutes, so that it 

remains nanocrystalline in a wide temperature range, with a tailored grain size for each phase. 

Such alloys may exhibit excellent mechanical properties at very high temperatures, possibly 

superior to their low-temperature properties. Based on the grain growth observed for Fe-Au 

alone, we expect that the alloy could become significantly stronger as the temperature is 

increased through the transformation, and that the mechanical properties could be switched 

repeatedly by cycling the temperature around the transformation temperature. We therefore 

believe that our alloy design approach could present a new approach to high temperature 

applications without requiring refractory materials. 
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Figure captions 

Fig. 1. Grain growth in materials. Schematic illustration of grain growth in materials (grain 

size as a function of exposure to temperature and/or time), identifying several distinct behaviors 

shown by the different curves. Colors indicate growth (red), shrinkage (green), stability (blue), 

and arrows accompany these trends. The unique behavior observed in this work (magenta) is an 

effective reduction and stabilization of the grain size after a phase transformation. 

 

Fig. 2. Nanocrystalline stability map. A map of enthalpy of segregation vs. bulk enthalpy 

(defined in a previous work [22] and in the Supplementary Materials [24]) for different solutes in 

Fe. Lines and colors identify three distinct zones, which are labeled. Several solutes populate the 
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map with data for both α-Fe (in black) and γ-Fe (in red). Arrows indicate the change in the 

solutes position on the map upon the α→γ transformation. 

 

Fig. 3. In-situ grain growth and phase transformation in nanocrystalline Fe95Au5. (a) Grain 

size as a function of time for α-Fe (at 700 and 800°C) and for γ-Fe (at 1000 and 1100°C). The 

inset shows the grain size after several cycles between 850°C and 1100°C. These curves are 

shifted to have a common time origin, and the first cycle is marked by open symbols. The 

resolution limit is marked in green. (b) Schematic illustration of α-Fe microstructure with Au 

nanoprecipitates and its transformation into γ-Fe. Both schematics are at the same scale and the 

suggested transformation mechanism is shown. 

 

Fig. 4. Grain growth in different nanocrystalline alloys. A compilation and comparison of 

grain sizes in different nanocrystalline alloys as a function of annealing temperature through the 

transformation, from this work (a,c,d) and the literature (b). Only the Fe-Au alloy exhibits a 

decrease in grain size after the transformation. Black and red labels represent data for apparently 

stable grain size α- and γ-Fe respectively, and open symbols denote literature data, for which 

stabilization of the grain size was expected, but not verified. Data for pure Fe (a) are 

accompanied by upward-pointing arrows to indicate a metastable grain size, which is expected to 

grow with increasing annealing time at each temperature. 










