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Abstract Multiphase Fe/N nanoparticles were synthesized by means of chemical vapor reaction,
the influence of the preparing parameters on the properties of particles was studied carefully during
the first nitriding process. The optimum process was determined. Single phase r'-Fe,N was pre-
pared by twice-nitriding. Multiphase iron-nitride really transforms r'-Fe,N nanoparticle of single-
phase and uniform. Moreover, the mechanism of nanoparticle nucleation and growth, including
phase-transformation, was revealed. In addition, the mircograph, particle size, physical phases,
schemical constituents and magnetic properties before and after phase-transformation were char-
acterized initially.
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In 1984, Tanaka et al. synthesized sub-micron scale Fe/N particles with good magnetic char-
acteristics (s¢==1x10° A+ Wb 1 Kg?l, Hc==3.2x10* A- mi 1) by a one-step method of CVD.
Since then a few groups have synthesized micron scale, sub-micron scale and nanometer scale
nitride-iron particles by different synthesis routed* ™. In 1993, Nakatani et al. reported a new
method for synthesizing &-Fe;N magnetism grain with particle size less than 10 nmf3. In 1999,
Lee et a. reported the chemistry stability of the nitride-iron nanoparticles under atmosphere con
dition and the results showed that its anti-oxidization property was very bad if its surface was not
pretreated®. However, the synthesis and magnetic properties of the single-phase nanoparticles
such as e-Fe;N and g -Fe,N have rarely been reported in literature.

From 1991 to 1995, research on the synthesis of magnetic nanoparticles, e-Fe;N and g -
FeyN, was carried out in China by vapor method and vapor-liquid method with the particle sizes
ranging from 10 to 50 nm, s 1.32x 10°A - Wb 1+ Kg * and H vlaue 3.5x 10* A - nT 1379, |n 1995,
Liang et al. reported the experimental results of synthesizing nitride iron nanoparticles by the laser
inducing Fe (CO)s, and the products were g’ -Fe,;N and e-Fe;N compounds with sizes from 10 to
25 nm, the He value 4.0x10* A- mr and the s value 5.86< 10 A - Wit - Kg 1, In 2000, Guo et
al. prepared of magnetic liquid nitride iron by vapor-liquid method with liquid phase as carrier and
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e-Fe;N as the main phase. The products still had impurities such as z-FeN, g’ -FeN, a-Fe and
Fe;O, At the sametime, Liu S et a. reported the synthetic process of needle-like ultra-fine mag-
netic powder g ' -Fe,N with average size 82.9 nm, the Hc value 4.46 X 10°A - mr ! and the s value
1.33 < 10°A Wb 1-Kg 19, In 2001, we synthesized the single-phase spheroid magnetic particles
g’ -Fe,N with the average size smaller than 50 nm by the second nitriding method™*Y.

Up to now compounds of nitride-iron with wider range chemical ratio such as z-Fe)N, e
Fe;N, g’ -FeN, and Fe,gN, have already been obtained. Nitride-iron nanoparticles synthesized by
means of vapor method and vapor-liquid method are all multiple-phase particled™. In the present
work, Fe/N multiple-phase nanoparticles were synthesized by means of vapor method, and the g’
-Fe4N nanoparticles towards spherical chain shape were prepared through phase-transformation
The nitriding process has been studied carefully and the optimum process has been given. Espe-
cially, the properties of nanoparticles before and after phase-transformation have been character-
ized initialy. In addition, the influence of synthetic parameters on the productivity and properties
of nanoparticles g * -Fe;N has been illuminated in detail.

1 Synthesis system and reaction process

1.1 Synthesis system

The synthesis system for the multiphase Fe/N nanoparticles consists of a reactive gas
evaporing zone, reactive gas preheating zone, gas mixing zone, nucleation zone, growth zone, etc.
The reactive gas, protective gas and carrier gas must be mixed up uniformly before reaction; uni-
form nucleation must be realized in the reaction zone; the particles should grow uniformly in the
growth zone. Uniform mixing of reaction gas, nucleation and growth in coaxia heating zone were
realized in our work, therefore overcoming the shortcomings of the original reactor. Here, the
reaction gas, protective gas and carrier gas were mixed up uniformly by a mixing even apparatus,
and then sent to the reaction zone. In the reaction zone, reaction started as soon as the reaction gas
and protective gas got mixed. The particle nuclel were carried away from the reaction zone with
the fluid of carrier gas. In the coaxia heating zone, the nuclei grew evenly and flowed into the
collection zone under the condition of negative pressure.

1.2 Reaction process

The reaction raw materials should be pretreated to remove such impurities as water in an-
monia, hydrogen and bichloride iron powder before the experiment. After this process, the vapor
chemical reaction was carried out at high temperature between metallic halide and reducing gases
such as ammonia and hydrogen to accomplish the first nitriding. The products were composed of
nitride, iron, unreacted metallic halide and the by-product ammonium chloride. The second ni-
triding process of nitride-iron particles should be done via phase-transformation at lower tem-
perature in order to obtain the uniform single-phase g ' -Fe,N nanoparticles. The fina product was
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uniform, highly pure, sphere-shaped, single phase, ultrafine and highly magnetic g * -Fe;N parti-
cles

2 Synthetic parameters

2.1 Pretreatment parameters of raw materias

Crystaline water in the FeCl,.nH,O should be removed because it is disadvantageous to the
synthesis of nitride-iron. This experiment adopted the dry process to dehydrate FeCl,.nH,O, and
used nitrogen as protective gasto prevent FeCl,.nH,O from oxidizing and dehydrating. Here, the
suitable dehydration parameters such as dehydration temperature, pressure and time were defined
by repeated experiments. The dehydration temperature, dehydration pressure and dehydration time
were 230°C, 0.81x1C° Pa and 30 min, respectively. After dehydration DTA measurement was
made for the FeCl, powder and the result showed that the evaporation velocity was related to
evaporation temperature, evaporation pressure and evaporation time. Therefore, we investigated
the relation between the evaporation quantity and the three parameters. The evaporation
temperature, evaporation pressure and evaporation time we determined in experiment were 750°C,
0.81x 10° Paand 25 min, respectively.

2.2 Process parameters

Our experiments have proved that there are parameters affecting phase composition and pro-
ductivity, such as reaction pressure, reaction temperature, and ratio of reacting gases. In the ex-
periment, the relations between the parameters and product properties such as reaction tempera-
ture and phase composition, reaction temperature and the productivity, reaction temperature and
the particl e size and range, reaction temperature and the magnetic properties, were examined (ta-
ble 1 and figs. 1—4). Obviously, the appropriate reaction temperature range was 850—950°C. In
order to search for a better reaction pressure, at certain temperature, the relations between the
pressure and productivity, and the relations between the pressure and size of the particles were
studied carefully. The results are shown in figs. 5 and 6. Obviously, the pressure should be con-
trolled within 0.71x 10°—0.91x 10° Pa. The theories and experiments all confirmed that both
nucleation velocity and the growth velocity were the function of the partial pressure of gas at
given temperature. The size of irortnitride depended on the partial pressure of NH;, H, and N, at
certain temperature of the evaporation cell and total flow for given partial pressure of Fe,Cl gas.
Experiments gave the dependence of phase composition and productivity on the ratios of  the raw
gas to the reaction gas (the mol-ratios of FeCl, and NH3) as well as the dependence of therelative
content of the nitrogen in the products on the ratios of the reduced gases, i.e. the volume ratio of

Tablel Therelation between temperature and state phase

The reaction temperature/ T 780 880 980
Phase composition eFe,;N a-Fe e-Fe,;,N ¢g' -Fe;N a-Fe g’ -FeN ¢’ -Fe
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NH; to H, (table 2, figs. 7 and 8). The ratio of the raw gas to the reaction gas should be above 35
and the ratio of the reducing gases above 1.5.
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Table2 Therelation between raw gasand state phase

NH,/FeCl, (vol-%) 40 35 30 20
Phase composition eFe,;N g’ -Fe,N eFe,: N, g’ -FeN,a-Fe e-Fe,,N eFe e-Fe Fe,0,
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Fig. 8. The relation between relative concentration of N

Fig. 7. The relation between productivity and ratio of
and ratio of NHy/H,. T=900C; p=0.71% 10° Pa; t=60 min.

FeCl,/ NHz. T=900°C; p=0.71 X 10° Pa; t=60 min.

By probable reaction and the theory of UFP nucleation growth, we can realize the second ni-
triding using the particles prepared by the first nitriding to make the Fe/N change into
g’ -FeyN. The results of our experiments proved that the appropriate values of temperature, pres-
sure and time for twice-nitriding are 350°C—450°C, 1.0x 10° Pa, 30—60 min, respectively. Obvi-
oudly, the twice-nitriding temperature is much lower than those of micron-scale iron or Fe/N. The
reason is just that nanoparticles generally have higher reaction activity than that of microparticles.

3 Maodd of nucleation and phase-transformation

3.1 Thermodynamics and kinetics for particle nucleation

Based on nucleation thermodynamics and reaction balance constant, particle formation de-
pends on the ratio between nucleation and nuclei growth. Here, R, and R, stand for nucleation
velocity and growth velocity, respectively. Hence the synthesis process can be expressed as

FeN (0 %%® FeN(crystal nucle) %%® FeN (UFP), (1)
where nucleation velocity may be written as
R, = Aexp[- 168s ¥/ 3/3KT (kT In p/ py)?]. 2

Informula (2), Ais a constant, and k is Boltsmann constant, T is temperature, V is molecular
volume, p and p, respectively stand for vapor pressure and balance pressure on micron-nuclei
surface, and p/py is the ratio of oversaturation. Obvioudly, larger p/p, is benefit to nucleation. The
radius of critical crystal nuclei can be expressed as

r=(2sV)/[KTIn(p/ p)]. (3)

From formula (3), larger p/py helps to reduce the radius of critical crystal nuclei. At the same

time, larger p/py helps to increase UFP productivity. On the other hand, the particle diameter after
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nucleation is often determined by
d=A(hGCy/N)"?, (4)

where A is a constant; h is reaction degree of conversion; C, is reactant concentration; N is the
mol number of reactant-product particles in unit volume. It can be seen that larger p/p, value re-
sultsin higher R, at the initial period, while the reduction in p/p, may lead to a decrease in R, and
an increase in R,. Therefore the particles should be removed from reaction cell as quickly as pos
sible to restrict particle growth.

Here we should point out that initial particle sizesin synthesis process are several nanometers
and they are often in suspended state. Therefore, Brown motion law can describe their motions at
this moment. Obviousdly, the interactions among particles will result in particle condensation. Ac-
cording to gas-molecular kinetics, collision frequency can be written as

f =4(3kT/ m)*?d,N?, (5)

where N is particle concentration, mis particle mass, d, is particle diameter, and k is Boltsmann
constant. The retention time of particles must be controlled effectively and the initial concentra-
tion of particles must be reduced in order to limit particle growth due to collision and agglomera-
tion. In other words, the produced particles have also to be removed from the reaction cell.

3.2 Growth and aggregation after nucleation

One single nucleus in vapor growth is generaly relevant to the growth conditions and its en-
vironments. Suppose that there is neither reaction growth nor monomer adsorption in single nuclei,
nor adsorption reaction between particles and reactant or intermediate. Then the growth velocity
of single nuclei can be described by means of Tamman model under the condition of sharp-
cooling. In this situation, the temperature corresponding to the fastest nucleation velocity is much
lower than that of growth velocity. Therefore, if particles are cooled down rapidly, the particle
growth can be confined without affecting the nucleation rate. In fact, the mechanism mentioned
above is very popular in fast phase change. It is just the theoretical basis for synthesizing UFP by
chemical vapor reaction.

3.3 Phase-transformation process and twice-growth
According to the one-step-synthesis products, we can predict that there exist several chemical
reactions in twice-nitriding process!”*¥, and their reaction formulas are as follows:..

4Fe(s) + 2NH, %¥7% 2FeN (Paticle) + 3H, (6)
8Fe(s) + 2NH, ¥%%% 2Fe,N(Particle) + 3H, )
4FeN (s) ¥%9% 2Fe,N(Particle) + N, )
8 FeN (s) %% 6Fe,N(Particle) + N, )

Here, extension growth and surface reaction growth are two important characteristics of particle
growth in phase-transformation. It is an obvious phenomeron of original nuclei growth, which is
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relevant to two mechanisms of surface reaction and surface diffusion owing to adsorption among
nuclei and adsorption between nuclei and intermediate. In a general nucleation process, fresh nu-
cleous surface will adsorb atoms or ions in reactant, and there occurs corresponding chemical re-
action in particle surface. Both extension growth and surface reaction growth will result in particle
surface expansion. The growth temperature and component of different atoms affect particle
growth velacity. Thisis very important in synthesizing UFP with high chemical-ratio precision.

4 Characterization of the particleg * -Fe,N before and after phase-transformation

The micrographs of nanoparticles before and after transformation are observed by means of
SEM (fig. 9(a) and (b)). Fig. 9 shows that the Fe/N particles of the first-nitriding is spherical in
shape, while the particles of the second-nitriding are spherical chain-shaped. The particle size is
calculated by SEM and XRD; their corresponding sizes are shown in fig. 10 (@ and 10(b). The
first nitriding ranges from 5 to 20 nm with the average size of 10 nm, and the second nitriding
from 20 to 80 nm with the average size 50 nm. We can arrive at a conclusion that the particles size
grows distinctly due to phase-transformation during the second-nitriding. Moreover, there exist
the phenomena of the particle growth and dight agglomeration in the process.

Fig.9. TEM photograph of nanoparticles. (a) Before phase-transformation; (b) after phase-trans for mation.

Fig. 11(a) shows the XRD patterns of the particles obtained by the first nitriding. Checking
the standard cards, we see that the particles contain s-Fe, e-Fe, 3N, g ' -Fe,N, FeCl, and NH,CI.
This reveals that the process of the first nitriding has a few sub-reactions, and therefore high pure
g’ -Fe,N cannot be obtained. In fig. 11(b) are shown the XRD patterns of the particles after the
second nitriding. There are four strong diffractive peaks in the figure which all are found to be the
characteristic peaks of theg ' -Fe,N by checking the standard cards. Phase-transformations hap-
pens in the second nitriding process and the final product is the single-phase g’ -Fe;N with high
phase contents. In oder to determine the chemical components of the particles after the first and
the second nitriding, analyses were performed using an atomic absorption apparatus (WSY) and
an element analytic apparatus (PE404C). The results are shown in table 3. Table 3 shows that
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Fig. 11. XRD patterns of iron-nitride samples. (a) Before phase-transformation; (b) after phase-trans for mation.

there is no chlorine in the products after the second nitriding because Fe/N has been converted to
single-phase g -Fe,;N nanoparticles in the second-nitriding, and NH,Cl is evaporated.

Tade3 Relative abundance of elements before and after transformation

Specimen Fe N cl o} C
1 90.6 5.90 2.26 0.87 0.37
2 93.1 5.86 0 0.73 0.30

The magnetic properties of the particles are measured by means of VSM (table 4). The re-
sults indicate that specific sturated magnetic intensity and coercive force of nanoparticles g * -
Fe,N are higher than those of nanoparticles Fe/N. Obvioudly, the value of the specific sturated

magnetic intensity in table 4 is also higher than that of refs. [1, 3], but is consistent with that of ref.
[4].

Tabde4 VSM measuring results of iron nitride nanoparticle

Magnetic properties Before phase-transformation After phase-transformation

sJA* Wbt Kg! 1.18X10° 1.36X10°
HJ/A » mt 1.78X10* 3.72X10*
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5 Conclusions

A new synthetic process of uniform and single phase nanoparticles g ' -Fe;N has been put
forth and the phase-transformation finished by twice nitriding technique. A series of experiments
show that uniform, highly pure, spherically shaped single phase g’ -Fe,;N could be obtained by
twice nitriding, of which the particles size is less than 50 nm, the specific saturated magnetic in
tensity is 1.36x 10°A - Wb 1. Kg* and the coercive force is 3.72x 10* A - nr L. The experimental
results have proved that surface reaction and surface diffusion-growth in phase-transformation are
the mechanisms of reaction and growth in the process of phase transformation.

Acknowledgements This work was supported by the China Funds of Excellent Y outh and China Funds of Post Doctor,
the National Natural Science Foundation of Chinaand Post Doctor Funds of Heilongjiang Province.

References

1. Tanaka T., Tagawa K., Tasaki, A., Synthesis and some magnetic properties of iron nitride particles, J. Chem. Soc., 1984,
(6): 930—934.
2. Nakatani, . M., lijikata, ., Ozawa, K., Iron-nitride magnetic fluids prepared by vapor-liquid reaction and their magnetic
properties, Journa of Magnetism and Magnetic Materials, 1993,122: 10—14.
3. Liang, Y., Zhao, X. Q., Zheng, F, et a ., Magnetic properties of Fe-Nitride and cabo-nitride nanocrystalline particle, Metals
Function Material, 1995, (4-5): 138—139.
4. Zhang, C.W., Huang, R. F,, Yang. C. F. et al., Fe-N nanometer powder prepared by arc plasma reactive evaporation, Met-
as Function Material, 1995, (4-5): 139—141.
5. Cao, M. S, Deng, Q. G., Zhang. P. G., Preparing v -Fe,N ultrafine powder by twice-nitriding method, Bulletin of the
Chinese Ceramic Sod ety, 1995, (6): 29—32.
6. Cao, M. S, Deng, Q. G., Synthesis of nitride-iron nano meter powder by thermal chemical vapor-phase reaction method,
Journal of Inorganic Chemistry, 1996, 12(1): 88—91.
7. Cao, M. S, Science and Technology of the Ultra-fine Partide Preparation (in Chinese), Harbin: HIT Press, 1995, 131—
136.
8. Lee H.S, Nakatan. ., On chemical stability of iron-nitride magnetic fluids in atomospheric conditions, Journal of Mag-
netic and Magnetic Materials, 1999, 201: 23—26.
9. Guo,G.S,Wang,Z.H., Yy, S.eta., Preparation of iron-nitride magnetic fluid by vapor-liquid chemica reaction, Jour-
nal of Inorganic Materials, 2000,15(5): 921—925.
10. Liy,S.L, Teng, X. Y., Yu, Y.Y., Praparation and applications of magnetic fluid, Powder Metalurgy Industry, 2000, 10:(5):
32—39.
11. Cao, M. S, Wang, R. G., Fang, X. Y., Preparing g’ -Fe,N ultrafine powder by twice-nitriding method, Powder Technol-
ogy, 2001, 115(1): 96—98.
12. Cao, H. M., Synthesis Handbook on Inorganic Compound (ed. the Chemistry Society of Japan) (in Chinese), Beijing:
Chemical Industry Press, 1983, 444—445.
13. Cao, M. S Xu, Q., Yang, L., Methodology on Synthesis and Preparation of Materids (in Chinese), Harbin: HIT Press,
2001, 11—12.



