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e16N2 ribbons with a porous
structure†

Jinming Liu, a Guannan Guo, a Fan Zhang, ab Yiming Wu,b Bin Ma a

and Jian-Ping Wang *ab

The microstructure of FeCuB ribbons (�20 mm thick) was modified to fabricate a00-Fe16N2 at a temperature

as low as 160 �C. The ribbon samples were heat treated first at a temperature reaching 930 �C and then

quenched down to room temperature. During the heat treatment, ribbon samples were oxidized, and

hydrogen reduction was then conducted to remove the oxygen from the ribbon samples. The reduced

ribbon samples had a porous structure, which improved the nitrogen diffusion efficiency and decreased

the fabrication temperature of a00-Fe16N2 down to 160 �C. It was demonstrated that the techniques for

microstructure control in this method including oxidation and reduction helped obtain the a00-Fe16N2

phase with high coercivity, thus manifesting this could be a promising technique for low-temperature

nitridation on ribbons in general.
Introduction

Permanent magnets (PMs) are widely used in the clean and
renewable energy industry such as in electric motors1 and wind
turbines.2 Rare-earth PMs such as Nd–Fe–B and SmCo5 are in
high demand since they have a high maximum energy product
and a large magnetocrystalline anisotropy.3 However, due to the
concerns on the environmental degradation from mining rare-
earth elements and cost issues,4 research on rare-earth-free PMs
has been attracting much more attention.5,6 Magnetic materials
with high saturation magnetization (Ms) and large magneto-
crystalline anisotropy are good candidates. a00-Fe16N2 has been
reported as a ferromagnetic material with a high Ms (�2.9 T).7

Aer 40 years of debate, the existence and the physical origin of
the giant saturation magnetization in Fe16N2 were nally
conrmed.8 It also possesses a large magnetocrystalline
anisotropy (>1.0 � 107 erg cm�3).8–10 More importantly, both Fe
and N are abundant and much cheaper than rare-earth
elements. There were several successful efforts to synthesize
a00-Fe16N2 nanoparticles (NPs) and powders in the past.11–15

Recently, a00-Fe16N2 in bulk form with relatively high coercivity
(Hc) were also reported.15,16 All these properties make a00-Fe16N2

a promising candidate for rare-earth-free PMs.17

The a00-Fe16N2 phase was rst reported by Jack in 1951.18 In
his method, nitridation was performed at a high temperature
(>600 �C) using a gas mixture of ammonia and hydrogen since
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SA. E-mail: jpwang@umn.edu

neapolis, MN, 55413, USA

tion (ESI) available. See DOI:

hemistry 2019
g-FeN only exists at a temperature above 592 �C, based on the
Fe–N binary phase diagram.19 a0-Fe8N was then formed by
quenching g-FeN to the martensite starting temperature and
then a00-Fe16N2 could be obtained from a0-Fe8N aer a low-
temperature (<200 �C) tempering process. The formation of
the martensite Fe8N phase was also reported by quenching the
Fe-based nanocrystalline ribbons with g0-Fe4N phase.20

However, the efficiencies of the a0-Fe8N and a00-Fe16N2 phase
transformations need to be further improved using these high-
temperature nitridation processes.21,22 In the late 1990s, a low-
temperature nitridation (<200 �C) method was proposed to
fabricate a00-Fe16N2 using a-Fe or iron oxide NPs as raw mate-
rials.23,24 In the following decades, many research groups re-
ported similar results.13,25,26 Core–shell structured a00-Fe16N2

NPs were also synthesized using the low-temperature nitrida-
tion method, where the oxide shells were used to magnetically
isolate a00-Fe16N2 NPs and enhance the Hc.11,27 Up to now, only
NPs, however, are used for the low-temperature nitridation
method since they have a much higher surface to volume ratio
that provides a higher nitridation efficiency. There are no
reports on using several tens of micrometer thick ribbons as the
starting material for the low-temperature nitridation method.

There were many reports on the successful attempts to lower
down the nitridation temperature. Tong et al. experimentally
demonstrated that the nitridation temperature of iron with the
modied nanostructured surface layer could be as low as
300 �C, which is much lower than the conventional nitridation
temperature.28 In their experiment, surface mechanical attrition
treatment was developed to generate a plastic deformation on
the top surface layer of the bulk iron and a large number of
grain boundaries were introduced, which enhanced the kinetics
of nitridation at such a low temperature (300 �C). Grain
Nanoscale Adv., 2019, 1, 1337–1342 | 1337
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boundaries could also be introduced in Fe ribbons via thermal
treatment.29 Based on the Fe–N binary phase diagram,19 body-
centered cubic (bcc) Fe will transform into the face-centered
cubic (fcc) Fe at a temperature of around 910 �C and new
grain boundaries could be generated due to the phase trans-
formation happening around this temperature. The grain
boundaries obtained from the thermal treatment would help in
enhancing the nitridation efficiency drastically. The oxidation
and reduction processes were proved to be an effective way to
synthesize a00-Fe16N2 by the low-temperature nitridation
method.12

In this study, the oxidation and hydrogen reduction
processes were used to modify the microstructure of melt-spun
FeCuB ribbon samples, which were then used for the following
low-temperature nitridation process to synthesize the a00-Fe16N2

phase directly. Fig. S1 in the ESI† shows the process ow chart
and the expected microstructure (schematic) of the ribbon
samples prepared at each stage. Cu and B were added to the
ribbon samples to control their initial microstructure. B was
used to ne-tune the grain structure of the melt-spun ribbons.20

Meanwhile, based on the temperature–time-transformation
(TTT) curve of Cu precipitation,30 Cu could precipitate during
the quenching process and work as either pinning sites (in
grains) or magnetic isolation sites (at grain boundaries).

During the heat treatment process in an ambient condition,
the ribbon samples were oxidized. The oxidized ribbons were
then reduced using pure hydrogen gas at a relatively low
temperature between 300 and 350 �C. Aer the hydrogen
reduction, ribbons are expected to form a foam-like porous
structure, which helps nitrogen atoms to diffuse into the ribbon
samples. The oxidation of iron-based ribbons and the subse-
quent reduction may also generate micro-channels in the
ribbons, which further enhance the nitridation efficiency in the
grains.
Fig. 1 XRD pattern of (a) raw ribbon sample; (b) ribbon sample after
quenching from 930 �C in room temperature distilled water; (c)
quenched ribbon sample after hydrogen reduction.
Experimental details

Fe ribbons with 3 wt% Cu and 2 wt% B were prepared by a melt
spinning system. The thickness of the ribbon is around 20 mm.
First, a box furnace was heated up to 930 �C. The ribbons were
put into the box furnace for a few minutes (8–16 min) and then
were quenched in room-temperature distilled water. During
this quenching process, the phase is transformed from bcc-Fe
to fcc-Fe19 and then back to bcc-Fe (or partial martensite
phase), which would introduce new grain boundaries into the
ribbon samples. Second, hydrogen reduction of the samples
was carried out in a tube furnace at 300–350 �C for 2 h with
a hydrogen ow rate of 40 sccm. The hydrogen reduction step is
critical for the following nitridation process, and it could create
micro-channels to enhance the nitrogen atom diffusion.12,31

Aer that, the nitridation process was carried out in the same
furnace at 160 �C for 42–84 h with an ammonia ow rate of 40–
80 sccm. The ammonia ow rate is used to modify the nitrida-
tion potential, which is dened as the partial pressure of
ammonia over the partial pressure of hydrogen pNH3/pH2

3/2 in
the tube furnace.19
1338 | Nanoscale Adv., 2019, 1, 1337–1342
The crystal structures, the microstructures and the magnetic
properties of the prepared ribbon samples were further char-
acterized. The crystalline structures of the ribbon samples were
examined by X-ray diffraction (XRD, Bruker 2D Discover D8).
The microstructure of the ribbon samples was characterized
using eld-emission electron microscopy (FE SEM, Hitachi S-
5000) and high-resolution transmission electron microscopy
(HRTEM, FEI Tecnai G2 F30). The composition of the samples
was determined by wavelength-dispersive X-ray spectroscopy
(WDS). The magnetic properties were measured using a phys-
ical property measurement system (PPMS) with a vibrating
sample magnetometer (Quantum Design).
Results and discussions
A. Crystalline structure analysis

The crystalline structures of the ribbon samples were charac-
terized by XRD. Fig. 1 shows the XRD patterns of the raw ribbon
sample, the quenched ribbon sample from 930 �C, and the
ribbon sample aer 350 �C/2 h hydrogen reduction. The
primary phase of the raw ribbon sample is bcc Fe and there are
also some other small diffraction peaks of iron oxide and boron
oxide. The diffraction peak at around 69� is from the single
crystal silicon holder used for the XRD measurement. The raw
ribbons were heat treated at 930 �C and then quenched in room-
temperature distilled water. Since the heat treatment was
carried out in the air, the ribbon samples were also oxidized.
Therefore, a reduction process was carried out to remove the
oxygen from the ribbon sample to make it ready for the
subsequent nitridation experiment. Aer the hydrogen reduc-
tion, the main phase became bcc Fe again.

Fig. 2 shows the XRD patterns of the ribbon samples aer the
nitridation process. The nitridation temperature was 160 �C and
the ammonia ow rate was 80 sccm for the studied samples
(Fig. 2(a)–(c)). An over-nitrided Fe3N phase was observed even
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 XRD patterns of ribbon samples with different nitridation
conditions: (a) 160 �C with 80 sccm ammonia for 42 h; (b) 160 �C with
80 sccm ammonia for 63 h; (c) 160 �Cwith 80 sccm ammonia for 84 h;
(d) 160 �C with 40 sccm ammonia for 63 h.

Fig. 3 SEM images of the ribbons: (a) raw ribbon sample, (b) ribbon
sample quenched from 930 �C; (c) and (d) hydrogen-reduced sample
at 350 �C with 40 sccm hydrogen for 2 h; (e) and (f) nitridation sample
at 160 �C.
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for samples with shorter nitridation time as 42 h. The high
ammonia ow rate may provide very high nitridation potential
for the ribbon producing the over-nitrided phase. To overcome
this issue, a lower ammonia ow rate of 40 sccm was applied.
The over-nitrided phase decreased drastically as shown in
Fig. 2(d). Thus, the over-nitrided phase could be avoided by
adjusting the nitridation potential. The X-ray diffraction
patterns were also consistent with the published data where the
a00-Fe16N2 phases and the over-nitrided phases using the low-
temperature nitridation method were reported.13,27 The over-
nitrided phases were also reported in nanoparticle samples
prepared by a low-temperature nitridation when the nitridation
time was long (>42 h) and the nitridation temperature was
relatively high (473 K).13 Other diffraction peaks in the patterns
of nitrided ribbon samples were from iron oxide, boron oxide,
or iron boron oxide, which could also be disclosed by the
element mapping as shown in Fig. 4 below.
B. Microstructure study of the ribbon samples

The microstructure of the ribbon samples is shown in Fig. 3.
Fig. 3(a) is the SEM image of the raw ribbon sample. The raw
ribbon sample was prepared by a melt-spinning system and the
ribbon sample was quickly cooled and ne grains were observed
compared with the oxidized ribbon sample. Fig. 3(b) is the SEM
image of a quenched ribbon sample. During the heat treatment
at 930 �C in an ambient condition, the grain boundary regions
are oxidized; thus the grain structures can be clearly observed.
Hydrogen reduction was conducted on the quenched sample to
reduce iron oxides. Porous structures were obtained in the
original grains as shown in Fig. 3(c) and (d). There were some
black regions (marked with white arrows) in the hydrogen-
reduced and nitrided ribbon sample, which could be due to
the cracks inherited from the quenching step. The porous
structures helped enhance the nitridation efficiency and more
This journal is © The Royal Society of Chemistry 2019
Fe16N2 phase could be obtained aer the low-temperature
nitridation.12 The low-temperature nitridation experiment was
carried out on the ribbon samples aer hydrogen reduction in
the same furnace and the SEM images of the nitridation
samples are shown in Fig. 3(e) and (f). Themicrostructure of the
nitrided sample is similar to that of the reduced sample since
the nitridation was carried out at a temperature as low as
160 �C. The dark grey areas (marked with red arrows) in Fig. 3(e)
and (f) are due to the oxidation of the sample.

In order to further investigate the microstructure of the
nitrided samples, a cross-sectional SEM (X-SEM) image with
elemental mapping was acquired as shown in Fig. 4. The
thickness of the nitrided ribbon sample increased from 20 mm
(thickness of the raw ribbon sample) to more than 50 mm, which
could be due to the inward and outward growth of iron oxide
during the heat treatment.32 There are four regions in the
ribbon sample as labeled in the XSEM image in Fig. 4(a). The
elemental analysis of each region on the white square area
marked in Fig. 4(a) was characterized (Fig. 4(b)–(f)). Based on
the elemental mapping gures, most of the iron was located at
the surface porous layer (region 4) and the center layer (region 1)
as shown in Fig. 4(b). Iron in region 1 was also observed in the
quenched ribbon sample (not shown here), indicating that the
oxidation was not through the ribbon. Most of the nitrogen
stayed at the porous layer (region 4) as shown in Fig. 4(c),
demonstrating that the porous structure was preferred for
nitrogen diffusion at 160 �C. In addition, it was difficult for
nitrogen atoms to diffuse into regions 1–3. As shown in
Fig. 4(d), most of the boron was located at regions 2 and 3 and
much less boron migrated into the porous region 4. The
Nanoscale Adv., 2019, 1, 1337–1342 | 1339

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9na00008a


Fig. 4 XSEM and elemental mapping of a nitrided ribbon sample. The image to the left shows the cross-sectional SEM. The sample has a layered
structure with five different elements analyzed, as labeled in image (a). The figures to the right are images of the different elements in the nitrided
ribbon sample, Fe, N, B, Cu, and O.
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distribution of copper in the ribbon sample is shown in
Fig. 4(e). Some copper clusters were observed in regions 1–3 and
there was a small amount of copper diffused into the porous
region 4. The oxygen was mainly located in regions 2 and 3. By
comparing the elemental mapping of iron, boron, and oxygen,
we can conclude that there were iron boron oxides in regions 2
and 3. The oxides did not have the porous structure and few
nitrogen atoms could diffuse into these regions. The existence
of iron boron oxides in regions 2 and 3 is also consistent with
the oxide diffraction peaks in the XRD patterns shown in Fig. 2.

TEM images were used to further characterize the micro-
structure and the Fe16N2 phase of the nitrided samples. The
TEM images focused on the region with the porous structure
(region 4 in Fig. 4). Fig. 5(a) and (b) show those porous
Fig. 5 TEM images of the porous region of a nitrided ribbon sample:
(a) STEM image; (b) bright field image; (c) high resolution TEM image;
(d) FFT patterns of the red box region in (c).

1340 | Nanoscale Adv., 2019, 1, 1337–1342
structures that are consistent with the SEM images shown in
Fig. 3 and 4. A high-resolution TEM (HRTEM) image was ob-
tained as shown in Fig. 5(c) and the lattice fringes were
observed. Indexing the crystal structure was done by obtaining
the fast Fourier transform (FFT) of a grain marked by the red
box in Fig. 5(c). The FFT patterns matched well with a [1�3�1] zone
axis diffraction pattern of a00-Fe16N2 structure as shown in
Fig. 5(d).
C. Magnetic properties

In-plane (IP) and out-of-plane (OP) hysteresis loops were
measured by a VSM to characterize the magnetic properties of
the ribbon samples prepared at different stages. IP loops were
measured with the magnetic eld parallel to the surface of the
ribbon samples, while OP loops were measured with the
magnetic eld perpendicular to the surface. The denitions of
IP and OP measurements are shown in Fig. 6(a). The hysteresis
loops of the raw ribbon sample, quenched sample, and the
reduced sample could be found in the ESI (Fig. S2†). The
coercivity (Hc) of these samples is less than 100 Oe. The satu-
ration magnetization (Ms) of the reduced ribbon sample is 160
emu g�1, which is about 30 emu g�1 lower than that of the raw
ribbon sample (�190 emu g�1). This could be explained by the
existence of a boron oxide layer in the reduced ribbon sample.
Hysteresis loops of the nitrided sample are shown in Fig. 6(a).
The in-plane coercivity (IP) Hc and the specic saturation
magnetization (Ms) of the nitrided sample are 880 Oe and 145
emu g�1, respectively. The lower Ms of the nitrided ribbon
sample compared to that of the reduced ribbon sample might
be due to the existence of some iron oxide phases in the region 4
as shown in Fig. 4 where iron nitride phases formed. TheMs and
theHc of the ribbon samples at each step are summarized in the
ESI Fig. S3.† The Ms of the nitrided ribbon sample should be
around 170 emu g�1 by subtracting the contribution of boron
oxide since the weight ratio of N is �3 wt% for Fe16N2 and the
mass of the sample before and aer nitridation is close. Based
on the elemental mapping images shown in Fig. 4, the a00-
Fe16N2 phase located at region 4 overlapped with the porous
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Typical hysteresis loops of the ribbon sample after nitridation. (b) Coercivity versus Fe16N2 phase ratio (Fe16N2 (202)/bcc Fe (110)).
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structure. The relative low Ms of the nitrided sample is due to
partial oxidation of the porous region as shown in Fig. 3(e) and
(f). Ribbon samples with different nitriding parameters were
prepared to investigate the relationship between the Hc and the
relative phase ratio of a00-Fe16N2 as shown in Fig. 6(b). Herein,
we dene the relative phase ratio of a00-Fe16N2 as the intensity
ratio of a00-Fe16N2 (202) over the sum of the intensities of a00-
Fe16N2 (220) and bcc-Fe (110). It was found that Hc increased
with the ratio of a00-Fe16N2, manifesting that the enhanced Hc

was due to the hard-magnetic phase a00-Fe16N2.
The magnetic anisotropy constant of the nitrided sample

was estimated using the law of approach to saturation.33,34 The
magnetization curve was measured using an applied magnetic
eld of up to 50 kOe. The effective magnetic anisotropy constant
was estimated to be 3.6 � 106 erg cm�3. Details of the calcula-
tions could be found in the ESI.† This effective anisotropy was
smaller than that reported by other groups (�1.0 � 107 erg
cm�3).25 Besides a00-Fe16N2, there were some other phases with
relatively low magnetocrystalline anisotropy such as a-Fe and
iron oxide in the nitrided ribbon sample as shown in both the
XRD patterns and the XSEM elemental mappings. These phases
are exchange coupled with the a00-Fe16N2 phase and the effective
magnetic anisotropy of the whole sample was lower than what it
should be.
Conclusions

a00-Fe16N2 phase was successfully obtained from melt-spun
FeCuB ribbons by an integrated oxidation, reduction and
nitridation process. The nitridation temperature of FeCuB
ribbons aer reduction was decreased to as low as 160 �C, which
is much lower than that of the conventional case (>600 �C). The
phase ratio of a00-Fe16N2 could be controlled by modifying the
nitridation parameters. A small amount of Fe3N phase was
observed in the nitrided samples, which could also be reduced/
eliminated by adjusting the nitridation potential. A porous
structure was observed for the nitrided ribbon sample. The
coercivity of the nitrided ribbon samples was found to be 880
Oe. It was also found that the coercivity increased with the
increase in the volume of the a00-Fe16N2 phase. The relatively low
This journal is © The Royal Society of Chemistry 2019
coercivity could be attributed to the exchange coupling between
the magnetic hard phase a00-Fe16N2 and other magnetic so
phases such as bcc Fe and iron oxide. Quenching and nitrida-
tion parameters could be further optimized to obtain pure a00-
Fe16N2 phase.
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