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Abstract  α"-Fe16N2 is considered as one of the most promising candidates for future rare-earth-free 
magnets, showing the highest saturation magnetization reported so far. We propose and demonstrate a 
novel “strained wire method” to synthesize α˝-Fe16N2 compound anisotropic magnets with enhanced 
hard magnetic property, with a direct experimental observation of the inter-coupling between tensile 
strain and the martensitic phase transition. The principal is helpful for the generation of other 
martensitic phase. In this paper, the method is demonstrated on an α"-Fe16N2 compound permanent 
magnet preparation by starting from pure bulk iron, with urea as the nitrogen provider. A uniaxial 
tensile stress is applied on the wire-shaped sample during the post-annealing stage, producing a 
promising permanent magnet with hard magnet property which lacks any rare-earth elements. The 
sample synthesized in the lab exhibits coercivity of 1220 Oe and an energy product of up to 9 MGOe. 
The mechanism of the strained wire method is analyzed based on Scanning Transmission Electron 
Microscopy (STEM) characterizations of samples with different strains. This is the first time a strain-

induced recrystallization of α"-Fe16N2 samples at low annealing temperature (150 ºC) has been 

observed. We demonstrate that this strained wire method can be used on α"-Fe16N2 samples to increase 
the α"-Fe16N2 phase-volume ratio and to fine tune its microstructure at low temperature. Some further 
characterization results are also included in this paper. The physics of the influence of tensile stress on 
the martensitic phase transition is discussed. 

PACS: 75.50.Ww 

I. INTRODUCTION 

Advanced permanent magnet materials provide high efficiency and reliability, low cost, and low 
maintenance solutions for renewable energy technologies. Unfortunately, currently used rare earth 
permanent magnets have supply constraints and high prices. A new magnet with more abundant and 
less strategically important elements is required to replace rare earth magnets. α˝-Fe16N2 is considered a 
potential candidate for rare-earth-free magnets with a high energy product because of its giant 
saturation magnetization and large magnetocrystalline anisotropy1,2. Although this material has such 
promising magnetic property and is obviously beneficial for our future environment, there are still no 
reports about bulk FeN permanent magnets because the nitrifying of iron, the body central tetragonal 



phase induction, grain structure and domain alignment are major obstacles. An effective synthesis route 
is needed to prepare this unique magnet. 

α˝-Fe16N2 phase was first discovered by Jack3, but its magnetic properties remained unexplored until 
1972 when Kim and Takahashi4 reported its high magnetization in thin films obtained by evaporating 
iron onto a glass substrate in low-pressure nitrogen. This discovery has inspired many groups all over the 
world to explore the material by using different synthesis techniques2,5-16.  

Encouraged by the promising magnetic properties demonstrated by thin films, researchers have been 
interested in preparing bulk samples with a larger volume fraction of Fe16N2 phase while exhibiting the 
same promising magnetic properties8,11,14. These experiments have essentially followed Jack’s early 
approach3 via γ and α΄ phases. However, none of the above bulk synthesis methods showed the 
possibility of producing permanent magnets because of the relatively low coercivity values obtained. 
Current synthesis methods for Fe16N2 magnets adopts iron powder or thin foil as a precursor, which can 
be nitridized easily, followed by sintering or shocking to form a bulk shape17-21. For example, Ogi et al. 
used a gas-phase method to synthesize Al2O3 coated α˝-Fe16N2 spherical nanoparticles with Ms to be 162 
emu/g and coercivity up to 3070 Oe17.  We have previously used a ball milling method to prepare α˝-
Fe16N2 particles and then compacted them into a disc magnet with the shock-compaction method18. 
Very recently, a free standing FeN foil (500 nm in thickness) with energy product up to 20 MGOe has 
been reported by our group recently, in which ion implantation is used for nitrogen atom introduction19. 

Until now, the reported coercive force of Fe16N2 materials in bulk format is still too small to be used 
practically.  To improve its coercivity, its microstructure would be tuned into suitable grain size with an 
obvious boundary. However, the grain size and grain boundary of α˝-Fe16N2 magnet is hardly to be 
tuned by traditional approaches. The main reason is that α˝-Fe16N2 is martensite phase and can only be 

stable under 214 ºC. However, the minimum temperature to adjust the microstructure of α˝-Fe16N2  is 

350 ºC22, as shown in FIG.S1 in supplementary materials23 . Therefore, the normal annealing approach 

is not suitable for α˝-Fe16N2 magnet. To prevent the martensitic phase decomposition, a low 
temperature approach to tune the microstructure to enhance the coercive force of α˝-Fe16N2 magnet is 
highly required.  

To assist the martensitic phase transformation from bcc to bct during a low temperature annealing 
process, extra energy is needed to compensate for the shortage of the thermal energy. The methods 
include applying external stress and magnetic field. We have previously shown the influence of magnetic 
field on α"-Fe16N2 martensitic phase transition24, in which phase transformation from α’ to α” increasing 
up to 78%. The working principle of the improved phase transition assisted by external force, either 
magnetic field or external stress, is shown in FIG.1. The crystal structures of bcc and bct are also shown 
in the figure. The main difference of crystalline structure between bcc and bct is the lattice constant of 
c-axis. The bct structure has an elongated c-axis compared to that of bcc phase. During nitriding process, 
nitrogen atoms are introduced in the octahedral interstices in a random manner with equal possibility 
on every orientation. With the assistance of stress along c-axis, as shown in FIG.1, (001) axis would be 
turned into the most preferred position for nitrogen atoms because the elongated axis corresponds to 



the lowest energy state. In this way, suitable stress along c-axis should be useful for bct phase 
transformation. This is the starting point to propose a “strained wire method” as discussed in following. 

In this paper, an external stress is adopted for the material preparation. The method is termed the 
“strained wire method” because an external force is applied during the post-annealing stage to assist 
the martensitic phase transformation and the microstructure reconstruction. We experimentally 
demonstrated that the strained wire method could be used to tune the magnetic properties at a low 

annealing temperature (<180 ºC). Both the remanence and coercivity of the samples are improved, 

showing an anisotropic permanent magnetic property.  

 
II. EXPERIMENTAL RESULTS 
The α˝-Fe16N2 bulk permanent magnet was prepared from commercially available bulk iron of high 
purity (99.99%). Here, urea was used as a nitrogen provider in the cold crucible system (Crystalox 
Bridgman Stockbarger System). First, the bulk iron was melted in the cold crucible system with a 
prefixed percentage of urea. Urea was chemically decomposed to generate nitrogen atoms. In the 
second step, the prepared FeN mixture was removed from the cold crucible system and heated to 660 
°C for 4 hrs and then quenched with water at room temperature. After that, the quenched sample was 
flattened and cut into square, column wires, 0.2-0.3 mm2 and 10 mm long. During the following 
annealing step, wires were strained using a loading device to apply an external force to the elongate the 
length of the lattice. Detail information of the whole process description and the schematic of the 
loading device can be found in supporting material23. 

The strained wire method leads to a bulk FeN with promising hard magnet properties. FIG.2 shows the 
characterization results. The hysteresis loop is shown in FIG. 2(a) and the X-ray diffraction (XRD) pattern 
in FIG.2(b). Hysteresis loop ‘a’ shows the magnetic property of the prepared FeN magnet, with coercivity 
of up to 1220 Oe while the saturation magnetization (Ms) at the 2 T field is 220 emu/g. The energy 
product at room temperature is tested to be 9 MGOe. Hysteresis loop ‘b’ in FIG.2(a) corresponds to that 
of pure iron and is used as a reference. It is seen clearly that both the coercivity and saturation 
magnetization of the prepared FeN sample are improved dramatically compared to that of pure iron. 
The XRD pattern of the FeN sample, as shown in FIG. 2(b), demonstrates the existence of an Fe16N2 
phase in the sample. The prepared sample is a mixture of Fe16N2, Fe8N, Fe4N and Fe phases. The 
microstructure of the sample is shown in FIG.2(c), from a high angle annular dark-field (HAADF) image of 
a focused ion-beam-milled cross section (Hitachi NB-5000 FIB mill). The crystallography of the Fe-N 
sample is determined in part by direct electron micro-diffraction experiments in the Hitachi HF-3300 
cold field emission TEM, as shown in FIG.2(c). FIG.2(d) shows the actual picture of the prepared bulk FeN 
magnet. 

FIG. 3 shows XRD patterns at the following stages, a) pure iron, b) after cold crucible melting, c) after 
quenching and d) after post-annealing, respectively. The measurement is characterized using a Siemens 
D5005 X-ray diffractometer (XRD) with a Cu Kα radiation source. 

Compared with the pure iron sample, the FeN sample’s crystalline intensity after cold-crucible melting is 
enhanced by a unidirectional thermal gradient in the crucible during melting and a quick turn-off effect. 



The Fe-N phase diagram25 shows that pure iron transforms into γ phase at temperatures above 590 °C. 
N-austenite phase (γ phase) is a face center cubic (fcc) arrangement of Fe atoms with N randomly 
occupying up to one in ten of the octahedral interstices. When γ is quenched below its martensite 
temperature, Fe atom arrangement changes from fcc to bcc α-Fe. However, N atoms have insufficient 
time to move from the interstices and the vacancies created by the fcc-bcc transition remain empty. So, 
a body center tetragonal (bct) martensite phase (α΄ phase) of the same composition with austenite 
phase is generated, and N atoms occupy one in ten of the holes at the midpoints of the c edges and the 
centers of the C faces3. Both the nitrogen atom position and the nitrogen concentration are key points 
for the generated phase after quenching. As shown in FIG. 3, three phases appear after quenching, 
including α΄-Fe8N, ץ΄-Fe4N and ץ-Fe, depending on the local nitrogen concentration.  

To assist the phase transformation from α΄-Fe8N to α"-Fe16N2 and also induce an anisotropic behavior of 
the FeN sample, we propose the “strained wire method” during the post-annealing stage. Detailed 
information and analysis of this method will be introduced in next section.   

Further evidence for the presence of the ordered α”-Fe16N2 phase is given by the aberration-corrected 
STEM imaging of the structure, as shown in FIG.4. FIG. 4(a) presents the bright-field STEM image while 
its diffractogram is shown FIG.4(b), clearly indicating an ordered periodic structure with a strong (202) 
peak in the image. The diffraction patterns consistent with a <202> zone axis orientation of α”-Fe16N2 
phase. 

III. STRAINED WIRE METHOD 

The basic technical route in this paper follows Jack’s approach3, starting from γ-FeN to α΄-Fe8N and 
finally to α”-Fe16N2 phase. The principle of our proposed strained wire method is to apply a uniaxial 
tensile force on the prepared wire-shaped sample during the post-annealing stage. 

This unconventional method possesses three unique features to enable the synthesis of Fe16N2 bulk 
magnet. Firstly, the rate of phase transformation from α΄-Fe8N to α”-Fe16N2 is improved. The applied 
strain induces an elongated lattice along the wire’s length orientation, which becomes nitrogen’s most 
preferred position among all possible octahedral interstices. As a result, more α΄-Fe8N phase will be 
transformed into α”-Fe16N2 phase.  

Secondly, the applied strain may help to further tune the microstructure. The annealing temperature for 

α”-Fe16N2 preparation must be less than 214 ºC based on its phase diagram25. However, the minimum 

temperature to refine the microstructure of α”-Fe16N2 material is 350 ºC22.  It is, therefore, challenging 

to refine the microstructure of α”-Fe16N2 without ruining the phase by any traditional approach. 
However, mechanical deformation can drive crystalline solids far from their equilibrium state by 
introducing structural or chemical defects. By applying a uniaxial strain on the sample in the plastic 
deformation region, its microstructure can be tuned at a relatively low temperature. In this way, its 
coercivity, a microstructure sensitive parameter, can be enhanced under plastic deformation by the 
applied strain.  



The third unique feature of the proposed strained wire method is to enable the alignment of the 
magnetic easy axis of Fe16N2 grains along the wire in the long axis direction. Although this is clearly 
demanded for an anisotropic magnet, it has not been reported in any of previous bulk Fe16N2 
experiments. 

A stretching fixture is set up to generate uniaxial tensile stress and therefore uniaxial strain on the FeN 
wire sample. For the prepared FeN material, its mechanical properties, including the stress-strain 
relationship and hardness, are also included in supporting material23. Young’s modulus was measured 
to be 132±3 GPa and the hardness was measured to be 2.4±0.4 GPa.  

By applying different strains on samples at different annealing temperatures, the volume ratio of α”-
Fe16N2 is summarized in FIG. 5(a), which is calculated based on an XPS method26. The error bars come 
from the calculation process using different fitting functions and different baseline height to get rid of 
the XPS pattern’s noise. At strain level < 0.15%, higher annealing temperatures produce more α”-Fe16N2 
phase, whereas with larger strain, the trend changes. The martensite fraction at 180 °C has a reverse 
tendency with larger applied strain. Its phase volume is reduced to 15.6% under a 0.4% strain, showing 
that parts of the phase decompose at this situation. For the 120 °C situation, the phase ratio remains 
almost the same as at larger strains. The 150 °C annealing temperature shows the most promise 
because the Fe16N2 volume ratio continues to increase as the strain rises. With up to a 0.4% strain, the 
α˝-Fe16N2 phase ratio increases from 22.4% to 37%. The following magnetic results are all based on the 
samples produced with the 150 °C annealing temperature. 

Magnetic hysteresis loops were obtained at room temperature with a maximum applied field of up to 2 
Tesla using a Princeton Measurements vibrating sample magnetometer. Before each measurement, the 
instrument was calibrated using a standard Ni sample with known magnetic moment (44.4 memu), 
provided by NIST. The error bar for the moment measurement is less that 2% since the bulk sample can 
be weighed precisely. 

FIG. 5(b) shows room temperature M-H loops for samples annealed with 0.15% strain (loop ‘a’) and 
without strain (loop ‘b’). Loop ‘c’ shows the property of the pure iron sample as baseline, with magnetic 
property that is in good agreement with an Fe (110) single crystal. The saturation magnetization (Ms) of 
the pure iron sample is around 1.9 T at room temperature (as shown in loop ‘c’ in FIG.5(b)). Loop ‘b’ 
corresponds to the sample prepared by the cold crucible melting, quenching and annealing without 
strain. It shows an emerging semi-hard magnetic property with coercivity of 204 Oe. More importantly, 
its Ms increases 10%, which is obviously beyond the VSM testing error. This should attribute to the 
Fe16N2 phase. The estimated volume ratio for the Fe16N2 phase in this sample is about 22.4%. Thus, the 
Ms of the Fe16N2 phase in this sample is calculated as 2.56 T. This giant saturation magnetization is 
consistent with our proposed theory and recent report on thin film samples2. Further enhancement of 
magnetic property can be achieved by using the strained wire method, as shown by loop ‘a’ in FIG. 5(b) 
with 0.15% strain. The coercivity increases up to 340 Oe and the Ms up to 2.16 T. These experimental 
results demonstrate that a uniaxial strain applied during the annealing process could improve the FeN 
wire sample’s magnetic properties, both coercivity and saturation magnetization. 



The increment of Ms should be attributed to the fact that the volume ratio of α˝-Fe16N2 has increased to 
29.7% with 0.15% strain induction. This means that more phase is transferred from austenite to 
martensite with the assistance of the external strain. Here one of the most important reasons that strain 
can influence the magnetic property is closely related to the unique bct crystalline structure of the α˝-
Fe16N2

2. 

FIG.6 shows the magnetic properties of samples subjected to 0.2% and 0.4% strain during annealing. As 
shown in FIG. 6(a) and FIG. 6(c), a big jump of coercivity occurs upon application of 0.2% and 0.4% strain, 
going up to 1200 Oe and 1220 Oe, respectively. The saturation magnetizations are increased at the same 
time. FIG. 6(b) and FIG. 6(d) show the calculation results for the energy products. The maximum energy 
products of the sample which underwent 0.2% strain is 4 MGOe, while the maximum energy product of 
the sample which underwent 0.4% strain is 9 MGOe, emerging as a promising potential low-cost 
permanent magnet. The energy product boost should be attributed to the squareness of the hysteresis 
loop with 0.4% strain, as shown in FIG. 6(c).  

The magnetic results on different strains are summarized in FIG.7, showing obvious improvement of 

coercivity and energy product for samples under 0.2% and 0.4% strain. 

The above characterizations clearly show that applying uniaxial strain on FeN wires during post-
annealing  can help increase the volume ratio of the α”-Fe16N2 phase and enhance its hard magnetic 
properties.  

 

IV. DISCUSSION 

It is useful to investigate the mechanism of the strained-wire method and the influence of strain on 
martensitic phase transformation. It is expected that the strain leads to grain refinement due to the 
occurrence of recrystallization during the tensile process and to significant improvements in magnetic 
properties of the material26. The study of the influence of the applied strain on grain recrystallization can 
provide some useful information about the involved processes. 

To further understand the effect of applied strained on the microstructure, scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM) characterizations are carried out on the 
samples. SEM characterizations (Type: JSM-6610LV) on the samples with different strains at 150 °C 
annealing temperature for 40 hrs are investigated, as shown in FIG.8, corresponding to 0, 0.15%, 0.2% 
and 0.4% strain, respectively. The sample with 0.15% strain shows a thread-like structure appearing 
along the tensile direction, as shown in FIG.8(b). With the strain increasing to 0.2%(FIG.8(c)), the thread-
like structure appears with higher density. For the sample under 0.4% strain (FIG.8(d)), more thread-like 
structures with additional visible planar defects and small grains emerge.  

FIG.9 shows the high-resolution STEM characterizations on the samples as shown in FIG.8. For the 
sample without strain, as shown in FIG. 9(a), the STEM characterizations have an amorphous contour 
since the annealing temperature is too low for crystallization. For the sample under 0.15% strain, 



defects begin to appear. The defects appear more and more obviously as the strain increases, as shown 
in FIG. 9(c) and (d). For the sample with 0.4% strain, the defects have formed a sealed boundary and 
generated a whole grain. Obvious nano-crystallization is observed in the sample under 0.4% strain. Such 
tensile-stress-induced nano-crystallization means that mechanical deformation can drive crystalline 
solids far from their equilibrium state by introducing structural or chemical defects and 
recrystallization27.  

The structure refinement is related to phase transformation during annealing. The volume ratio of α”-
Fe16N2 is increased consequently. In strain-induced phase transformation, plastic deformation of the 
parent phase creates a proper defect structure which acts as an embryo for the transformation product. 
Specifically, in austenitic FeN material embryos are formed at the intersections of the microscopic 
stacking faults, planar defect and nanosize grains. The mechanism for such kind of deformation-induced 
crystallization, as shown in FIG. 9(d), can be explained as follows. The formation of this boundary is 
probably due to the uneven thickness of the samples. Some thin regions under high stress preferentially 
nucleate cracks during the tensile annealing. Along these cracks, a number of smaller cracks are formed, 
oriented approximately parallel to the fracture surface. Finally, the tensile fracture causes such 
nanocrystal formation.  

The appearance of planar defects and smaller grains correlates with the increment of the coercivity. We 
suspect that the coercivity of the wire samples is controlled in general by a domain wall pinning 
mechanism at a precipitate structure throughout the grains. 

For the sample with 0.4% strain, shown in FIG. 9(d), a further magnified STEM image is shown in FIG.10. 
By using electron diffraction on different regions inside and outside of the generated nanocrystal entity 
it can be seen that there is a clear difference in terms of ordering, as shown in FIG. 10(a). FIG.10(b) 
shows the corresponding crystalline phases in electron diffraction pattern.  

Combined with XRD patterns in FIG.3, the prepared sample can be considered as partially ordered 
Fe16N2+Fe8N martensite phase. In this case, a degree of N site ordering (D) can be defined by comparing 
the intensity ratio of I(002)/I(004)2, where I(002) and I(004) denote the intensity of peaks according to 
the electron diffraction pattern, as shown in FIG.10(a). The processed images clearly show areas of 
diffraction patterns with varying degrees of ordering. The ordering parameter inside the grain is 
measured to be 0.85 while that outside the grain to be 0.21. Generally, the area inside the grain has 
higher order than the area outside the grain. Some of the original order in the grain analyzed may have 
been degraded by electron beam damage. The difference in ordering may be caused by the variation of 
strain concentration on the sample. 

The sample prepared by the strained wire method appears to be an anisotropic magnet since the 
uniaixial strain leads to an easy-axis alignment28. FIG. 11 shows the hysteresis loops of the sample 
produced under 0.4% strain. Loop ‘a’ corresponds to perpendicular to long axis of wire, while loop ‘b’ is 
along long axis result. An obvious anisotropic magnetic property can be observed. The Mr/Ms ratio at 
the in-plane is 0.62. 



The physical mechanism of the strained-wire method is obviously related to the transformation induced 
by plastic deformation, since in this case, the moving defects created during this deformation are 
thought to take a very important role in the phase transformation process. In this particular, we have 
shown that the martensitic products can be drastically different from other α"-Fe16N2 samples reported 
by previous researchers, showing obvious hard magnetic property and higher magnetization saturation 
value at the same time. In our case, it is suggested that the martensitic material with suitable tuned 
microstructures is a good candidate for rare-earth-free permanent magnet. 

For the prepared sample with energy product up to 9 MGOe, it is worth noting that its hysteresis loop is 
in nearly square shape. This is different from wasp-taille shape of hysteresis loop observed in sample 
with soft and hard phase co-existed29. The hysteresis shape and coercivity are varied with different ratio 
between soft and hard phase30. For the 9 MGOe sample with nearly square hysteresis loop, we believe 
this is resulted by the interplay among exchange spring effect, alignment of Fe16N2 phase and the 
generated defects as pinning sites. 

The exchange spring effect is caused by the interaction between soft and hard phase. The volume ratio 
of α”-Fe16N2 in the 9 MGOe sample is estimated to be 37% by using XPS method26. Based on the TEM 
result on its microstructure, as shown in FIG.9(d), the generated grain size is about 25 nm, while the 
ordering parameters inside and outside grain are different. This observation means that the phase 
distribution in the sample isn’t homogeneous, which results some deviation from the theoretical wasp-
taille shape.  

The alignment of Fe16N2 phase by the applied stress during post-annealing is another reason for the 
deviation on the shape of hysteresis loop. The uniaxial stress influences the preference of orientation 
during phase transformation from austenite to martensite. The prepared sample does not follow the 
model of random-anisotropy nanostructure anymore. Further characterizations on the sample’s 
structure and orientation need to be investigated on the sample, which would be helpful to set up a 
suitable micro-magnetic model for this novel magnetic material. 

The generated defects, as shown in FIG.10(a), act as pinning site in the sample. The appearance of 
planar defects and smaller grains correlates with the increment of the coercivity and the shape of 
hysteresis loop.  

Above all, the square shape of hysteresis loop in the prepared FeN sample is a synthesis effect of several 
aspects, including its unique microstructure, the alignment on (001) orientation by the external strain, 
and also the generated defects. More detail investigation would be needed to clarify the mechanism. 

The generated defects, as shown in FIG.10(a), act as pinning site in the sample. The appearance of 
planar defects and smaller grains correlates with the increment of the coercivity and the shape of 
hysteresis loop.  

The grain recrystallization induced transformation is to be thought of as a defect accumulation of the 
material, concurrent with the deformation mode of the mother phase. The phenomenon of defect 
accumulation is demonstrated by STEM characterization on the strained samples, as shown in FIG. 10. 



For the deformation of the mother phase, different variation of degree ordering inside and outside of 
the generated grain, as shown in FIG.10, reveals a spontaneous transformation of mother phase with 
defect accumulation. 

The defect accumulation is also considered as the propagation of the plastic deformation. The defect 
rich area is the intersection of the active planes, accounting for the lath martensite, where conditions 
are extremely favorable for transformation dislocations to come together with high stress 
concentrations. The required strain for the martensitic deformation is controlled both by the rate of 
variation of Gibbs free energy and by the efficiency of recrystallization grains involved. Our current 
knowledge of Gibbs free energy and entropy of transformation in an α"-Fe16N2 system is very limited and 
further investigation of this system will be required to account for the association of defect generation 
with preferential ordering of mother phase.  

V. CONCLUSIONS 

We have here proposed and demonstrated a novel synthesis method for bulk anisotropic Fe16N2 
materials, named the “strained wire method.” Based on this method, an anisotropic iron nitride magnet 
with 9 MGOe was achieved. We demonstrated that the applied uniaxial strain could largely influence the 
phase transformation, the microstructure and magnetic properties of α˝-Fe16N2wire samples. The 
external induced energy by strain can compensate for the shortage of thermal annealing energy during 
phase transformation and can be used to protect the martensitic phase formation. This is a potential 
synthesis method for bulk anisotropic FeN magnets compatible with the industrial manufacturing 
process.  
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FIG.1 Schematic of effect of stress on phase transformation from bcc to bct structure. The stress, either 
external force or magnetic field, is applied along c-axis to assist for the phase transition. 

 

 

 

  



 
FIG.2 Characterization results of the prepared FeN permanent magnet and sample pictures   
(a) Hysteresis loop of an FeN magnet(Loop ‘a’), showing a near square loop, with a coercivity of 1220 Oe. The 
magnetization at the 2T field is 220 emu/g. The saturation magnetization is 245emu/g at the 4.5T field. The energy 
product at room temperature is calculated to be 9MGOe. The hysteresis loop of pure iron is shown in loop ‘b’ as a 
comparison.  
(b)  X-ray diffraction (XRD) pattern of the FeN magnet, showing that the prepared sample is a mixture of Fe16N2, 
Fe8N, Fe4N and Fe phases.  
(c) TEM image and diffraction pattern of the FeN bulk sample, showing a super-lattice diffraction pattern. 
(d) Actual pictures of the samples. In the strained wire method, the sample is cut into wire shape, which is 
convenient for application oftensile force along the uniaxial direction. 

 

  



 

 

 

FIG.3 XRD patterns for samples (a) Pure iron; (b) After cold crucible melting, showing crystalline 
intensities of iron is enhanced after cold crucible ; (c) After quenching, part of iron is transferred into α΄-
Fe8N phase and ץ΄-Fe4N phase. There is also ץ-Fe; (d) After post-annealing, part of α΄-Fe8N is 
transformed into α˝-Fe16N2. 

  



 

 

FIG.4 Microstructure and diffraction patterns of the sample (a) High-resolution STEM bright-field image. 
(b) Corresponding diffractogram of sample, showing the α”-Fe16N2 phase. 

  



 

FIG.5 (a) Volume ratio of α”-Fe16N2 phase by uniaxial tension as a function of strain at different 
temperatures. At 150 °C, the volume ratio keeps increasing at different strains, showing positive effect 
of strain on the martensite phase transformation. (b)Hysteresis loops on samples with 150 °C annealing 
temperature; loop ‘a’ with 0.15 % strain, loop ‘b’ without strain and loop ‘c’ pure iron as baseline. 
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FIG.6 Magnetic properties of samples with different forces (a) Hysteresis loop of sample annealed with 
0.2% strain; (b) Energy product of sample annealed with 0.2% strain; (c) Hysteresis loop of sample 
annealed with 0.4% strain; (d) Energy product of sample annealed with 0.4% strain. 



 

FIG.7  Influence of applied uniaxial strain on samples’ coercivity and energy product, showing a 0.4% 
strain can lead to energy product up to 9 MGOe and coercivity up to 1220 Oe. 

  



 

 

FIG.8 Scanning electron microscope (SEM) characterizations on samples with different strains at 150 °C 
annealing temperature for 40hrs (a) Without strain; (b) With 0.15% strain along tensile direction as 
shown; (c) With 0.2% strain, showing more microstructure; (d) With 0.4% strain, showing 
microstructures, planar defects and smaller grains on sample. 

  



 

FIG.9 The high-resolution STEM characterizations on samples with different strains at 150 °C annealing 
temperature for 40hrs (a) Without strain; (b) With 0.15% strain, grain boundary appearsas shown; (c) 
With 0.2% strain, showing more obvious boundary; (d) With 0.4% strain, showing clear grain boundary 
on sample and a whole grain is formed. 

  



 

FIG.10 (a)The high-resolution STEM characterization of a sample produced at 150 °C annealing 
temperature for 40 hrs with 0.4% strain. Insets show the electron diffractions on different regions inside 
and outside of the generated nanocrystal entity. (b) The corresponding crystalline phases in electron 
diffraction, as annotated with orientation and space. The area inside the grain has higher order than the 
area outside the grain.  The difference in ordering may be caused by the variation of strain 
concentration on the sample. 

 

  



 

FIG. 11 Hysteresis loops of the sample with 0.4% strain. Loop ‘a’isperpendicular to the long axis of the 
wire, while loop ‘b’ is along the long axis of wire. An obvious anisotropic magnetic property can be 
observed. The Mr/Ms ratio at in-plane is 0.62. 

 

 


