
 1 

Alloying and Phase Transformation of Fe/FeNi Core/Alloy 

Nanoparticles at High Temperatures 
 

Tennyson L. Doane♯, Laxmikant Pathade, R. Davon Slaton,  

Michael E. Klaczko, Mathew M. Maye* 

 

Department of Chemistry, Syracuse University, Syracuse, New York, 13244 
#Current Address: Department of Chemistry, Eastern Nazarene College, Quincy, MA, 02170 

*mmmaye@syr.edu 

 

ABSTRACT 

 This work explores how to form and tailor the alloy composition of Fe/FexNi1-x core/alloy 

nanoparticles by annealing a pre-formed particle at elevated temperatures between 180 – 325 oC.  

This annealing allowed for a systematic FeNi alloying at a nanoparticle whose compositions and 

structure began as a -Fe rich core, and a thin -Ni rich shell, into mixed phases resembling -

FeNi3 and -Fe3Ni2. This was possible in part by controlling surface diffusion via annealing 

temperature, and the enhanced diffusion at the many grain boundaries of the nanoparticle.  Lattice 

expansion and phase change was characterized by powder X-ray diffraction (XRD), and 

composition was monitored by X-ray photoelectron spectroscopy (XPS).  Of interest is that no 

phase precipitation was observed (i.e., heterostructure formation) in this system and the XRD 

results suggest that alloying composition or alloy gradient is uniform. This uniform alloying was 

considered using calculations of bulk diffusion and grain boundary diffusion for Fe and Ni self-

diffusion, as well as Fe-Ni impurity diffusion is provided. In addition, alloying was further 

considered by calculations for Fe-Ni mixing enthalpy (Hmix) and phase segregation enthalpy 

(HSeg) using the Miedema model, which allowed for the consideration of alloying favorability or 

core-shell segregation in the alloying, respectively.  Of particular interest is the formation of stable 

metal carbides compositions, which suggest that the typically inert organic self-assembled 

monolayer encapsulation can also be internalized.   
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INTRODUCTION 

 

The ability to use synthetic inorganic nanochemistry1  to fabricate nanoparticles resembling 

steels2 from a purely wet chemical approach would allow for the development of nanometer-thin 

metal, magnetic, and stainless coatings, as well as new classes of lubricants and additive 

manufacturing ingredients. Iron-nickel (FeNi) alloys, possess stainless behavior while retaining 

high magnetization and strength, which has led to broad applications ranging from 

telecommunications to turbines, and heat exchangers to industrial coatings.3 One FeNi alloy is 

Invar steel, which has a nominal composition of Fe0.64Ni0.36, and is important in electronics and 

precision engineering due to its negligible thermal expansion,4 as well as novel electromagnetic 

properties.3 FeNi metallic alloys have also been tested at the nanoscale, showing high 

magnetization5 and tunable compositions,6 including that of Invar.7,8 These materials are also 

useful in radiation absorbers,9,10 catalysis, 1112,13 imaging14 and sensors.15  

 

A number of nanostructured FeNi alloys have also been prepared or studied at the 

nanoscale.12,16–23 The different synthetic strategies and potential applications often overshadow the 

difficulty in understanding and predicting the alloying of FeNi at the nanoscale, where enhanced 

diffusion,24 and improved mixing enthalpies25–27 are contrasted with a higher contribution of 

surface energies and interfacial strain.28 Taken together, it is still challenging to model and describe 

equilibrium alloy nano-structures.29,30 The refinement of a number of models, however, is aided 

by the growing accumulation of experimental data related to the composition and microstructure 

changes of alloy NPs as a function of time and temperature.30,31 
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We have been developed a core/alloy (CA) approach towards crafting alloy nanoparticle 

interfaces.2,32–34 By focusing on depositing or forming a nanometer thin alloy at a pre-formed 

nanoparticle interface, we attempt to overcome challenges often faced when mixing metal salts 

followed by co-reduction,6,35–37 electrochemical reduction,38,39 performing galvanic 

displacement,34 or thermal treatment,40,41 where differences in redox potentials, decompositions, 

and precursor reactivity makes controlling the final alloy composition, distribution, and phase 

homogeneity, difficult.   

 

A key to this approach is the slow sequential deposition of sub-monolayer to monolayer 

thicknesses of a solute metal, originating from an organometallic precursor (i.e., metal carbonyls), 

at a crystalline pre-formed nanoparticle.  This allows for metallic alloying to occur, instead of rapid 

galvanic exchange between the solute precursor and the nanoparticle. Previous core/alloy studies 

have focused on substantiating the approach and implementing different metal combinations and 

annealing at modest temperatures of 100-180oC.  In this work we expand understanding of the 

core-alloy approach using a Fe/Fe1-xNix nanoparticle by first considering the influence of 

thermodynamics and diffusion kinetics at the core-alloy interface.  We then experimentally 

validate the approach by studying the alloying and phase change during elevated temperature 

annealing using X-ray diffraction (XRD).   
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Experimental  

Materials: Iron (0) pentacarbonyl (Fe(CO)5, 99.5%), (bistriphenyphosphine)dicarbonyl nickel (0) 

(Ni(PPh3)2(CO)2, 98% anhydrous), oleylamine (OAm, 70%), 1-octadecene (ODE, 90%), 

dioctylether (DOE, 99%), hexadecylamine (HDA, 98%), hydrochloric acid (HCl, 1.0 M in 

diethylether), and ethanol (EtOH, 200 proof) were purchased from Sigma-Aldrich and used 

without further purification. 

Core/Alloy Nanoparticle Synthesis & Annealing: Crystalline α-Fe nanoparticles were prepared 

according to a previous method.42,43 In a typical α-Fe synthesis, 15.0 mL of ODE, 100.0 mg 

HDACl, and 0.5 mL of OAm was combined and degassed at 120 °C for 0.5 h. This mixture was 

then heated to 180 °C in a four neck flask under Ar, and 0.2 mL of Fe(CO)5 was injected under Ar. 

The solution was agitated through shaking and Ar bubbling to avoid collection of the NPs on a 

magnetic stir-bar. After annealing for 0.5 h at 180 °C, ~5 mL of the reaction volume was removed, 

cooled to room temperature, and then precipitated with dry EtOH for analysis. The un-cleaned α-

Fe aliquots were kept in the reaction vessel under Ar gas and used as the core for nickel deposition, 

as described next. Next, nickel was deposited at the α-Fe NP cores. During shell deposition, 5 mL 

solution of Ni(PPh3)2(CO)2 (0.5 M in THF) was injected into the remaining solution of α-Fe cores 

synthesized above. Total volume of Ni(PPh3)2(CO)2/THF solution was split into ten separate 

injections (0.5 mL each) to maintain steady annealing temperature, with 15 minutes of annealing 

time between injections. After completing Ni precursor injections, the reaction was let to cool to 

room temperature. The NPs were purified by precipitation in dry EtOH (200 proof) under Ar. After 

centrifugation (10 min, 4400 RPM), the product was re-dispersed in dry hexane and stored under 

Ar. During these experiments NP samples were annealed in a small round bottom flask at a given 

temperature for 5 hours. Annealing took place under Ar flow and precautions were taken to limit 
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O2 exposure. 0.5 mL of stock Fe/Ni core shell NPs (≈720 mg) were added to 5 mL ODE under 

inert conditions. To prevent aggregation, 0.1 mL of oleylamine was added as well. The temperature 

was raised to the target temperature and the solution was allowed to anneal for 5 hours. The 

solution was then cooled and precipitated in dry ethanol using the previously described cleaning 

procedure, and subsequent analysis was conducted. 

 

Instrumentation: TEM imaging was performed at the Upstate Medical University, Syracuse, NY 

using a JEOL 2000 transmission electron microscope operated at 200 kV, equipped with a LaB6 

filament and TVIPS 4K CCD camera. Samples were drop cast onto a 300-mesh ultra thin type A 

carbon copper grid (Ted Pella). Powder X-ray diffraction (XRD) patterns were taken on a Bruker 

D8 Advance powder diffractometer that utilized Cu-Kα X-rays (λ = 1.5406 Å). Samples were dried 

and loaded on a zero-diffraction SiO2 crystal (MTI Corp.). The reference data were obtained from 

the PDF-4+ database (ICCD) for phase identification and comparison. The corresponding lattice 

constants were calculated using Bragg’s law , 2𝑑 sin 𝜃 = 𝑛𝜆 where θ is the diffraction 

angle, n is an integer taken as unity, λ is the x-ray wavelength, and d is related to the Miller indices 

of the FCC lattice by d = a (h2 +k2 +l2)-1/2. Similarly, the grain size (τ) was estimated using the 

Scherrer equation given by: 𝜏 =  
𝐾𝜆

𝛽𝑐𝑜𝑠𝜃
 where K is a dimensionless factor taken near unity 

(0.9 for near spherical objects), β is the peak broadening (full width half maximum) in radians, and 

θ is the diffraction angle in radians. The Fityk software package44 was used to confirm the lattice 

constants obtained from the <111> indice peak reflections in Figure 4 and for the analysis of the 

lower intensity <200> and <220> reflections (shown in Figure S3), revealing that the actual 

composition is likely 8-10% lower than that calculated from the <111> reflection.  
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RESULTS AND DISCUSSION  

In this section we first describe the experimental system and characterization of alloying 

for the model iron-nickel core-alloy nanoparticle, denoted for simplicity as Fe/Fe1-xNix. We then 

investigate the phase behavior as well as the kinetic and thermodynamic factors governing alloying 

at the interface.  

 

 
Scheme 1: An idealized illustration of the Fe/Fe1-xNix core/alloy system. A pre-synthesized 

metallic Fe/Fe1-xNix NP with an -Fe rich core, and a -Ni rich shell (a) is annealed at high 

temperatures which induce alloying at the interface and multiple grain boundaries (b), resulting in 

a new Fe/Fe1-xNix  NP that has a more homogeneous alloy gradient and a new alloy phase, such as 

-FeNi3. For simplicity, the monolayer coatings of OAm, OAc, and HDACl are not shown here.  

 

Scheme 1 shows an idealized illustration of the model Fe/Fe1-xNix system studied. A 

crystalline metal nanoparticle (-Fe) was used as a seed in which a nanometer thin nickel (Ni) 

shell was deposited (a).  Depending on the shell layer thickness, the interface can adopt the 

underlying core structure (i.e., b.c.c. () at low thickness), or adopt a new one (i.e., f.c.c. () at 

high thickness), and in both cases the shell is considered to be more polycrystalline than the core. 

This is important, as these polycrystalline ‘grains’, and the larger core ‘grain’ are considered later 

and hypothesized to aid alloying. Annealing at elevated temperatures for prolonged periods of time 

(1b), produces new alloy phases, gradients of phases, or gradients of concentrations (1c).  
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Figure 1. Representative TEM micrographs for Fe core NPs (a) and Fe/Ni core/alloy NPs 

synthesized at 180 °C (b), with corresponding size histograms (scale bar = 50 nm). 

 

The Fe/FexNi1-x NPs were synthesized by preparing a crystalline -Fe NPs,42,43 capped with 

a mixture of oleylamine (OAm) and hexadecylammonium chloride (HDACl) ligands. This was 

followed by the deposition of a thin layer of metallic Ni onto the -Fe by the thermal 

decomposition of the organometallic precursor Ni(CO)2(PPh3)2 at 180 oC.32 A thin Ni layer was 

deposited by controlling the [-Fe]:[ Ni(CO)2(PPh3)2] feed ratios, after considerations to NP 

concentration and desired shell volumes.  Figure 1 shows representative Transmission Electron 

Microscopy (TEM) results for the -Fe (a) which had a diameter of dFe ≈ 17.7, and the Fe/FexNi1-

x  with dFeNi ≈ 19.6 nm. After the initial decomposition of Ni0 from Ni(CO)2(PPh3)2 was complete, 

the samples were purified free of excess OAm, OAc, or HDACl ligands, before being redispersed 

in ODE and OAm and annealed at temperatures of 250, 315 and 325 oC for 5 h, followed by 

standard purification.  
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Figure 2. Representative XRD of Fe/Fe1-xNix NPs synthesized at 180 oC (a), and after annealing 

for 5h at 250 (b), 315 (c), and 325 oC (d), with corresponding references bulk -Fe (b.c.c.), -Ni 

(f.c.c.) , FeNi3, Fe3Ni2, Fe5C2, and -Fe (f.c.c.).   

 

  To observe alloying and phase transformations during annealing, characterization by 

powder X-ray diffraction (XRD) was performed. Figure 3a shows a set of representative powder 

XRD results for the Fe/FexNi1-x as synthesized at 180 oC (a) and after annealing at 250 (b) and 315 

(c), and 325 oC (d).  For example, the as-synthesized Fe/FexNi1-x shows two key characteristics. 

First, the primary reflection at ~44o is indicative of both the  -Fe (b.c.c.) structure  (2θ<110> = 

44.6°) as well as -Ni (f.c.c.) (2θ<111> = 44.4°), but the strong <200> at 2θ = 51.9 and <220> at 

75.6° (not shown), is indicative of a highly crystalline Ni shell or crystalline -FeNi alloy (see 

below).  Upon annealing at 250 oC (ii), there are pronounced shifts in the <111>, <200>, and 

<220> reflections to lower 2θ, indicating an increasing Ni content in the growing FeNi alloy phase. 
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This trend continues at annealing of 315 (c) and 325 oC (d). The reference indices for -Fe, FeNi3, 

Fe3Ni2 are shown for comparison. For instance, at 315 - 325 oC the Fe/FexNi1-x has a strong Fe3Ni2 

character. In addition, at these temperatures we also observed broadening and new reflections 

which do not index well with either alloys or oxides. For instance, the reference reflection for iron 

carbides, such -Fe5C2. This alloying trend was reproduced multiple times, with similar results 

observed for a Fe/FexNi1-x with a thinner Ni-shell and more b.c.c. like starting point, as show in 

Figure S3.  

 
Figure 3. Representative TEM micrographs of the as synthesized Fe/Fe1-xNix NP (a), and those 

annealed at 250 (b), 315 (c), and 325 oC (d) for 5h. Analysis of XRD results showing Scherrer 

determined grain sizes (e) and calculated lattice constants (f) with bulk FeNi alloy positions.  

 

Figure 3 shows a set of TEM results of the synthesized Fe/FexNi1-x at 180 oC (a), and after 

annealing at 250 (b), 315 (c), and 325 oC (d). Some changes in distribution and morphology is 

observed in these low resolution micrographs.  Figure 3e plots approximate grain size () 

determined from Scherrer analysis of the primary reflection in the XRD from Figure 2 (i.e., <111>), 

while Figure 3f shows calculated lattice constant (a) of the reflection.  We observe a decreasing 



 10 

trend in  with increasing annealing time, which is consistent with the TEM results for this series 

of experiments (Fig. 3a-d), and a increasing trend in a, which corresponds closely with the 

increasingly Ni-rich alloys.  

    

Figure 4. Representative XPS results for the Fe 2p (a) and Ni 2p (b) binding energy regions for 

the Fe/Fe1-xNix NP synthesized at 180 oC (i), and those annealed at 250 (ii), 310 (iii), and 325 oC 

(iv) for 5h, as well as a summary of XPS determined composition ratios (c).  

 

To further probe the change in alloy composition at the interface of these particles, X-ray 

photoelectron spectroscopy (XPS) was utilized. Figure 4 shows the Fe 2p (a) and Ni 2p (b) binding 

energy (B.E.) regions for the initial Fe/Fe1-xNix NP synthesized at 180 oC (i).  Both Fe and Ni 

signatures are clearly present, and analysis of the composition ratio is shown in Figure 4c, which 

reveals an approximate composition of Fe:Ni of 45:55, which is consistent with a thin Ni-shell at 

the interface of the NP, considering the penetration depth of XPS analysis. Interestingly, analysis 
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of the samples annealed at higher temperatures, as shown above in XRD and TEM, reveal higher 

Fe:Ni ratios, which is consistent with the proposed alloying, where Fe from the core diffuses 

towards the interface, and Ni diffuses within the NP.  

 

One unique aspect of these results is the relative ease of which alloy composition can be 

tuned and that no observable phase segregation occurred. To better understand this, consider the 

FeNi binary phase diagram shown in Figure 5a, which is reproduced with modification from bulk 

FeNi tables.45 If we consider a constant temperature of ~200 oC and increasing Ni concentration, 

then mixed phases of -Fe and FeNi3 are expected, and similarly mixtures of -Fe and -FexNiy 

are expected at temperatures greater than ~350 oC.  Considering that mixed phases were not 

observed at the annealing temperatures of 180-325 oC in this study suggests that the nano FeNi 

phase diagram is suppressed and that a multitude of -FexNiy phases are possible using this 

approach.  This finding is in agreement with other studies that studied nanoscale phase diagrams.46  
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Figure 5. (a) An illustration of the phase diagram for binary FeNi alloys (adapted from 

reference45 ). (b) Plots of the calculated diffusion coefficients for the bulk (DB) (lower) and grain 

boundary (Dgb) (upper) diffusion of Fe in Fe (Fe/Fe), Ni in Fe (Ni/Fe), Ni in Ni (Ni/Ni), and Fe in 

Ni (Fe/Ni) as a function of temperature. See SI for  more information. 

 

One potential reason for this suppression in the phase behavior is the more rapid diffusion 

at nano interfaces compared to bulk. Such diffusion is approximated using Fick’s law and 

transition-state theory,24,47 where the temperature dependence of diffusion (D) due to the defect 

activation energy (Ea) is described by an Arrhenius relation: 

D = D0 e
(-Ea/kbT)       (1) 

where D0, KB and T are the diffusion pre-exponential factor, Boltzmann constant, and absolute 

temperature, respectively.   
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To illustrate the magnitude of D in alloys, the lower panel of Figure 5b plots D for a number 

of Fe-Ni diffusion couples at various temperatures using standard reference values for Ea (see 

Table S1, S5-S12). For example, as illustrated in this plot Ni self-diffusion rates are the slowest, 

indicating a higher Ea(Ni|Ni), whereas Fe self-diffusion (Fe|Fe) is faster.  Importantly, in the case 

of impurity diffusion such as nickel-in-iron (Ni|Fe) or iron-in-nickel (Fe|Ni), the impurity diffuses 

faster than the host metal.  That is to say, nickel diffuses faster in iron, and iron diffuses faster in 

nickel.  

At nanoscale interfaces, grains, and defect sites, D is significantly enhanced. Consider that, 

for example, the measured diffusion rate of Bi in Bi2O3 nanoparticles is reported to be nearly 3 

orders of magnitude faster than in bulk.48 A recent advance in understanding this involves factoring 

in grain boundary (GB) diffusion as a high diffusivity path at the surface, which for nanomaterials, 

is significant.24 For instance, considering that each NP itself is a grain, and in this system the initial 

Ni shell can be multigrain or a submonolayer (Scheme 1), then GB diffusion can be a dominant 

contributor to alloying. The Ea relationship between grain boundary diffusion (EGB) and bulk 

diffusion (EB) have been shown to be related by; EGB = 0.4-0.6(EB).24 The top panel of Figure 5b 

plots the calculated grain boundary diffusion coefficients of Fe and Ni (using Egb =0.5EB). As can 

be seen in the plot, there is an enhancement of many orders of magnitude than in the corresponding 

bulk values. While we do not expect these Dgb values to be the true overall D for alloying, they 

could factor in considerably at the interface between the Fe-rich core and the Ni-rich shell in our 

system, as has been shown for other NP alloys which show almost spontaneous alloying,29,49 as 

well as potentially describe rapid atomic motion in immiscible interfaces, such as in bimetallic 

dumbbells or asymmetric nanoparticles.50  
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In addition to enhanced diffusion, the NP interface is governed by a considerably different 

thermodynamic landscape as compared to bulk metals or thin films, as illustrated by the melting 

point depression of metal nanoparticles, which is the consequence of high interfacial energies and 

strain.28,30,31,46,51 For instance, the melting temperature of NPs scales with size for particles,29 and 

a general lowering of the phase boundaries is expected52–57 so that, for example, in this system, 

that the γ-FeNi phase is reached at lower temperatures.   

 

To further address the driving force for alloying in our system, we calculated alloy mixing 

enthalpy (ΔHMix) and segregation enthalpy (ΔHSeg) for FeNi using the scalable macroscopic atom 

approach, or Miedema model.58–60 In this approach, the alloy is divided into cells of dissimilar 

atoms and the energy perturbations (electronic, steric, and structural) are assessed to determine 

ΔHMix.  This model has been successful at describing bulk alloying and provides ΔHMix for a wide 

variety of compounds.61  Moreover, an assessment of ΔHMix in nanocrystalline materials has 

recently been used for predicting grain boundary growth in nanocrystalline solids,62 and can be 

defined as:61 

Δ𝐻𝑚𝑖𝑥 = [𝑐A𝑐B(𝑐B
s Δ𝐻AinB

int + 𝑐A
s Δ𝐻BinA

int ]chemical + [𝑐A𝑐B(𝑐BΔ𝐻AinB
elastic + 𝑐AΔ𝐻BinA

elastic]elastic +  Δ𝐻structural  (2) 

 

 

where cA and cB are the composition of the solute and solvent, cB
s is the fraction of the surface of 

B atoms in contact with A (with cA
s being the fraction of A atoms in contact with B atoms) ΔHint 

is the chemical interactions associated with surrounding A with B atoms (B with A), ΔHelastic 

describes the elastic strain of surrounding A with B (B with A), and ΔHstructural describes the energy 

associated with crystal structure.   Note that each of these values has been tabulated,60 as well as 

ΔHMix  for many binary mixtures.61  Using this approach, we calculated a ΔHMix of -4.8 kJ/mol, 

which suggests favorable alloying (Table 1), as a number of researchers have shown that as ΔHMix 
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values become more endothermic that better alloying is predicted and is typically enhanced by 

decreasing NP size.25–27 One reason for this is the lower unfavorable chemical bonding and strain 

interactions (i.e., reducing ΔHInt and ΔHElastic) by localization at the under-coordinated NP 

surface.29  

 

Table 1: Calculated DFeNi, ΔHMix
Fe/Ni and ΔHSeg

Fe/Ni 

 DB (300 oC)1  

(nm2/sec) 

DGB (300 oC)2  

 (nm2/sec) 

ΔHMix
Fe/Ni 

3
  

(kJ/mol) 

ΔHSeg
Fe/Ni 

4
 

(kJ/mol) 

Fe/Fe1-xNix 
1.3 × 10-8 1.3 x 101 

-4.8 -3.4 

1Calculated using average values from the literature (see text) 2Calculated using an Ea GB = 0.6Ea Bulk according 

to reference 24. 3,4 Calculated using the Miedema model as reported by Murdoch and Schuh in reference 58. 

(see equations 1 and 2) 

 

In addition to the favorable ΔHMix, alloying is also driven at the nanoscale by the tendency 

to minimize interfacial energies, both at the core-shell or core-alloy interface, as well as between 

NPs and the local environment.49 The additional core-shell interfacial energy arises due to the 

strain developed as the shell adjusts to match the underlying core lattice structure,63 which can lead 

to defects and stacking faults.64 Alloying can alleviate this strain for exothermic values of ΔHMix, 

but when ΔHMix
 is endothermic the enhanced diffusion can lead to coalescence or phase segregation 

to a dominant core-shell morphology, or asymmetric ones, like dumbbells.50,65 Similarly, 

minimization of the free energy at the surface can also drive alloying or enhance segregation, 

which is related to large differences in elemental surface (γ) and cohesive energies (Ec) (see 

SI).29,31,46,52,66 

 

For dilute alloys, the Miedema model also allows for the prediction of whether or not a 

metal will segregate to the surface of an alloy (ΔHseg), which has been applied to grain boundary 

segregation by Shuh and co-workers by:61 
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Δ𝐻seg = 0.71 ×  
1

3
 ×  ν ×  [−Δ𝐻BinA

int − 𝑐0𝛾𝐴
𝑆𝑉𝐴

2/3
+ 𝑐0𝛾𝐵

𝑆𝑉𝐵
2/3

] +Δ𝐸𝑒𝑙   (3) 

 

where ν is a term describing the interfacial bonds between core and shell, c0 is a constant, γ is 

the surface energy of the pure metal, V is the atomic volume, and ΔEel describes the energy gained 

from elastic strain relief, all of which are critical for understanding nanoscale segregation.  Using 

this approach we calculated a ΔHseg of -3.4 kJ/mol (Table 1) for FeNi, a value that implies only a 

weak preference of Ni on the NP surface, suggesting that segregation to the interface is not a 

significant barrier to alloying, again as demonstrated by the measurements and observations.   

 

Figure 6. Plots of the mixing enthalpies, ΔHMix (a) and segregation enthalpies, ΔHseg (b) for Fe-X binary 

couples as a function of X in Fe solvent and Fe in X solvent.  

 

This study focuses on a Fe/Fe1-xNix core/alloy NP system, but these calculations provide a 

good indicator of alloying for other compositions as well. For instance, Fe-X couples are 

particularly interesting because many of the alloys are precursors or components of steel and other 

highly important structural or magnetic materials. Figure 6 shows a series of calculations of ΔHMix 

(a) and ΔHSeg (b) for binary alloys of Fe. Those alloys close to the origin of the plots are those most 
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likely to alloy.  For example, the endothermic ΔHMix values for Fe-Mo and Fe-W suggest no 

significant alloying is expected, while systems with slightly exothermic values favor random solid 

solutions, like in FeCr, FeNi, and systems with highly exothermic ΔHMix , like Fe-Al and Fe-Ti  

suggest highly ordered alloys in the form of intermetallics, in agreement with the bulk phase 

diagrams. For ΔHSeg , the binary Fe-Cr, Fe-Ni, and Fe-Mo values are quite similar suggesting only 

a weak segregation to the surface, where in contrast, Fe-Al, Fe-Mo, and Fe-W all have significant 

segregation preferences, which may inhibit alloying.  For more information on these calculations 

and the tabulated data used in the calculations, please see the SI.  

 

Taken together, these results indicate how it is possible to start with a Fe/Fe1-xNix metallic 

nanoparticle with a thin Ni-rich shell, and form internal or gradient Fe1-xNix alloys by annealing at 

temperatures accessible to wet-chemical, synthetic inorganic approaches. It’s likely that these 

core/alloy NPs form core/gradient compositions post annealing, as the alloying is initiated and 

most concentrated at the interface, yet, further tuning of the alloy composition is achieved by 

longer annealing times or temperature ramp cycling.  The alloying observed at these temperatures 

were consistent with the grain boundary enhanced diffusion constant calculations, as well as the 

calculations of Hmix and Hseg via the scalable-model approximation.  These favorable alloying 

conditions and criteria, as well as the thin Ni-rich interface is likely the reason why no observable 

phase precipitation or heterostructures were formed, as has been shown by other researchers when 

Fe content is increased beyond 70%,67–69 which is similar to observations in bulk Fe-Ni alloys,70 

and Monte Carlo simulations.71  
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CONCLUSIONS 

 In this study we investigated the alloying of a Fe1-xNix nanoparticle having a crystalline -

Fe core and a -Ni-rich shell at temperatures of 180 – 325 oC. The alloy nature of the NP product  

was investigated by XRD and XPS, and the results were examined in light of the Miedema model 

calculations, which were combined with grain boundary diffusion. The XRD results showed a 

consistent lattice constant shift with annealing temperature consistent with an increasing Ni-rich 

alloy.  Analysis of the particle diameter both by Scherrer analysis and TEM showed a slight 

decrease in particle size. The XPS results showed an decreasing Fe:Ni concentration ratio as a 

result of annealing, which is consistent with the model of core-rich Fe atoms diffusing to the shell, 

and the shell rich Ni atoms diffusing within.  The results indicate that well-formed alloys do form 

at the interface, and that composition and phase can be tuned by further annealing. The study 

focused on a simple Fe-Ni binary system, but the calculations of grain boundary diffusion values, 

as well as Hmix and Hseg values for a number of other Fe-X systems will prove useful for guiding 

future work related to the synthesis of nano-steels, which is part of our ongoing work. 
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