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Abstract 

The characteristics of the reactions between S m F e  3 and H 2 o r  N 2 were studied by isochorothermal analysis, X- 
ray diffraction and thermomagnetic analysis. SmFe3 absorbs about 3.1 atoms of hydrogen instantaneously at a 
temperature between 140 and 170 °C. Subsequent cooling to room temperature causes an increase in the hydrogen 
concentration to about 4 hydrogen atoms per mole of SmFe3. As the temperature is increased, the SmFe3 hydride 
begins to desorb hydrogen and its composition becomes SmFe3Ho.2 at about 350 °C. The SmFe3 hydride desorbs 
and absorbs hydrogen reversibly in the temperature range 25--400 °C, with a 16 °C temperature hysteresis occurring 
between 249 and 233 °C during heating and cooling. At about 425 °C, the hydride begins to decompose into 
Sm hydride and a-Fe. The decomposition reaction is accompanied by a massive hydrogen absorption. The SmFe3 
hydride has the rhombohedral crystal structure (same as the parent compound) with a 19% expanded lattice 
with parameters a =5.378 ~ and c=27.345 A. The stresses introduced by the huge lattice expansion cause the 
decrepitation of the SmFe3 hydride samples. The Curie temperature and saturation magnetization are 90 °C and 
70.8 e.m.u, g-1 for SmFe3H4 compared with 390 °C and 80.6 e.m.u, g-1 for SmFe3. For both SmFe 3 and SmFe3 
hydride, the easy direction of magnetization is along the crystallographic c axis. SmFe3 powder reacts with N2 
at about 250 °C forming SmN, a-Sm and a-Fe. The final products are SmN and a-Fe. No interstitial SmFe3 
nitride exists at any temperature. 

I. Introduction 

The RT 3 (where R = r a r e  earth, T = F e  or Co) in- 
termetallic compounds are known to exhibit a rhom- 
bohedral PuNi3-type crystal structure [1]. They are also 
known to absorb appreciable amounts of hydrogen [2-5] 
forming interstitial RT 3 hydrides retaining their original 
crystal structure. The maximum solubility of hydrogen 
in the RCo 3 (R = Dy, HO, Er) compounds was reported 
by Takeshita et al. [2] to be 5 H atoms per mole of 
RCo 3. The crystal structure and pressure--composition 
isotherms for the RT 3 hydrides (R = Gd, Td, Dy, Ho, 
Er  and T-= Fe, Co) have been studied by Bechman et 
al. [3]. In addition, Malik et al. [4-6] studied the effect 
of absorbed hydrogen on the magnetic properties of 
RT3 (R = Gd, Dy, Ho and T = Fe, Co) and RFe3 (R = Th, 
Er and Tm). In general, the RT3 compounds were 
found to absorb between 3 (i.e. DyFeaH3) and 5 (i.e. 
ErCo3Hs) H atoms per mole of RT3. The original lattice 
was found to expand by between 13% and 23% de- 
pending on the compound and the hydrogen concen- 
tration. In the case of RCo3 ( R = G d ,  Dy and Ho),  
hydrogen absorption causes a reduction in the Co 
moment resulting in an increase in the total magnet- 
ization because of the antiparallel magnetic coupling 
between the rare earth and CO sublattices. In the case 

of RFe3 ( R - G d ,  Dy and Ho), hydrogen absorption 
causes an increase in the Fe moment resulting in a 
decrease in the total magnetization. Hydrogen absorp- 
tion was found to cause a large decrease in the Curie 
temperatures in the case of RC03 ( R - G d ,  Dy and 
Ho). In the case of the RFe3 hydrides ( R = G d ,  Dy 
and Ho), the Curie temperatures are above room 
temperature,  but could not be determined because the 
compounds desorb hydrogen below the Curie temper- 
ature. 

So far attention has been focused mostly on the 
R(Co, Fe)3 hydrides which contain heavy (Gd or heavier) 
rather than light rare earth elements. This is because 
they are expected to exhibit high equilibrium hydrogen 
pressures (higher than 1 atm) and could be useful as 
hydrogen storage materials [2]. Among the R(Co, Fe)3 
(R - light rare earth) compounds, only the YFe3 hydride 
[7], YC03 hydride [8] and CeC03 hydride [9] have been 
studied. The only study concerning the SmFe3 hydride, 
which is the focus of the present work was reported 
by Kost et al. [10]. No nitrogenation study on SmFe3 
has been reported in the literature. 

The discovery of a new magnetic material, Sm2Fe17 
nitride [11] has triggered a renewed interest in the 
Sm-Fe intermetallic compounds in general. Permanent  
magnets have already been prepared on the Sm2Fe17 
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nitride by several methods such as mechanical alloying 
(MA) [12, 13], rapid solidification [14, 15], conventional 
powder metallurgy [13, 16, 17] and hydrogen treatment 
(HDDR) [18, 19]. All of these methods involve two 
major steps: (a) the formation of the Sm2Fe17 phase 
(preferably in a microcrystalline form) and (b) the 
nitrogenation of Sm2Fe17 in N2 or ammonia to form 
the interstitial Sm2Fel7 nitride which exhibits hard 
magnetic properties. 

Many studies have been published on the Sm2Fe17 
nitrides mainly concerning the nitrogenation kinetics 
[20, 21] and substitutions [11, 22-27] of Sm or Fe with 
other rare earth or transition metals respectively. In 
step (a) of the preparation method, one usually has 
to deal not only with the major Sm2Fe17 phase but 
also with other phases such as Sm, SmFe2, SmFe3 and 
a-Fe. Consequently, during the whole process (steps 
(a) and (b)) one has to consider the reaction products 
of these "secondary" phases With hydrogen and nitrogen. 
The reaction products have an effect on the details of 
the processes as well as on the magnetic properties of 
the final product. Experience obtained when working 
with other magnetic materials, such as the Nd2Fel4B- 
based magnets, shows that the presence of the secondary 
phases plays an important role in the development of 
the intrinsic coercivity. At present, there is not adequate 
specific information on the kinetics and reaction prod- 
ucts between the Sm-Fe alloys and hydrogen or nitrogen. 

This lack of information has led us to make a series 
of studies on the reactions between Sm [28], SmFe2 
[29], SmFe3 and SmaFe17 single phases and hydrogen 
or nitrogen gas as a function of temperature. In the 
present study, the characteristics of the reactions be- 
tween SmFe3 and H~ or Na are reported. The reactions 
of H2 and N2 with the Sm2Fe~7 phase will be reported 
in the near future. Such information on the reactions 
between the Sm-Fe alloys and Ha or Na has been used 
to interpret the resulting phases and magnetic properties 
of the SmaFe~7 nitride-based permanent magnets pre- 
pared in our laboratory by several methods, which will 
also be published in the near future. 

The constant volume reactor (isochorothermal an- 
alyser or ITA) which was used in the present study is 
similar to the thermopiezic analyser (TPA) used by 
other researchers (for instance, Coey et al. [11]) for 
the study of gas-solid reactions. The volume of the 
ITA was about 2.3 c m  3 and only about 5% of the total 
volume was heated. The SmFe3 samples, weighing be- 
tween 2 and 10 mg, were placed in a quartz tube (ITA) 
and heated with a precisely controlled programmable 
furnace capable of reaching a temperature of 1000 °C. 
The pressure was measured with a pressure sensor 
capable of detecting pressure differences of about 100 
Pa. The temperature was measured with an accuracy 
of + 1 °C. The pressure vs. temperature data were 
collected in a computer and analysed by taking into 
consideration the pressure variations due to the thermal 
effects (heated volume). By utilizing the ideal gas law, 
the data were transformed and plotted in terms of 
atoms of gas absorbed by the solid or desorbed from 
the solid as a function of temperature. The ideal gas 
law was considered to be a good approximation because 
of the relatively low pressure and high temperature 
conditions (0-125 kPa and 20-1000 °C) applied during 
the experiments. ITA isochores were obtained for the 
"SmFe3+H2" and "SmFe3+N/" systems in the tem- 
perature range 20-950 °C. 

Phase analysis was performed by thermomagnetic 
analysis (TMA) and powder X-ray diffraction (XRD). 
Magnetization experiments were performed with a vi- 
brating sample magnetometer (VSM) at 25 °C in a 
maximum applied field of 15 kOe. TMA was performed 
with a Faraday balance in the temperature range 25-900 
°C and a magnetic field of about 1 kOe. The samples 
used in the Faraday balance were sealed in a quartz 
tube of known volume under argon or hydrogen gas, 
depending on the scope of the experiment. Powder 
XRD patterns were obtained under ambient conditions 
using a Philips automated diffractometer with Cu Ka 
radiation monochromated by a graphite single crystal. 
XRD patterns were obtained for both random powder 
and magnetically aligned powder which was fixed in 
epoxy resin. 

2. Experimental details 

The SmFe3 alloy was prepared by arc melting of the 
constituent elements (purity, better than 99.9 wt.%) in 
a pure argon gas atmosphere. During melting, 5 wt.% 
Sm excess was added to account for the Sm loss due 
to vaporization. The as-prepared SmFe3 alloy was heat 
treated at 850 °C for about 1 week in order to produce 
an SmFe3 single-phase alloy. The purity of H2 and N2 
gases used for hydrogenation and nitrogenation was 
higher than 99.999 vol.%, 

3. Results and discussion 

3.1. Crystal structure and magnetic properties of  SmFe3 
The XRD pattern of the SmFe3 alloy used in the 

present study is shown in Fig. 1. The alloy contains 
only the S m F e  3 phase which crystallizes in the rhom- 
bohedral PuNi3-type structure and has lattice param- 
eters of a=5.180/k and c=24.789/~. The absence of 
other phases, especially the Sm2Fe17 phase, is confirmed 
by the XRD pattern of the aligned powder (Fig. l(b)), 
which does not show any c-plane Bragg peaks (i.e. 
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Fig. 1. XRD pattern of the SmFes alloy: (a) Random powder; 
(b) Powder aligned in a magnetic field of 20 kOe and fixed in 
epoxy resin. 
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Fig. 2. TMA trace of the SmFe3 alloy. 

(110), (300) or (220)); these should be observed even 
if a small amount of the magnetically planar Sm2Fe17 
phase is present. In the same pattern, there is a large 
increase in the intensities of the (006), (009) and 
(0012) Bragg peaks of the SmFe3 phase. This is expected 
because the easy direction of magnetization (EDOM) 
is along the c axis [30]. The Curie temperature (To) 
of the SmFe 3 phase is 390 °C as shown in the TMA 
trace in Fig. 2. The TMA trace in Fig. 2 also confirms 
that the alloy does not contain other ferromagnetic 

phases (a-Fe with Tc=770 °C, SmzFe17 with To= 135 
°C or SmFe 2 with T~ = 410 °C), except the SmFe3 phase 
(Tc = 390 °C). The saturation magnetization (Ms) of the 
SmFe3 phase (aligned powder) was measured by the 
VSM to be 80.6 e.m.u, g-1 in the maximum available 
field of 15 kOe. 

3.2. Reaction of SmFe3 with hydrogen 
3.2.1. Hydrogen absorption 
3.2.1.1. Isochorothermal analysis. Figure 3(a) shows 

the ITA isochore trace for the "SmFe3+H2" system 
obtained under an initial hydrogen gas pressure of 
122.29 kPa and an H to SmFe3 ratio of 7.88. On heating, 
SmFe3H3.1 (PH2 = 110.23 kPa) is formed instantly at a 
temperature of 170 °C. Subsequent cooling causes fur- 
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Fig. 3. ITA traces for the "SmFe3+H2" system under different 
initial hydrogen gas pressures (P0) and initial ratios of hydrogen 
gas atoms per mole of SmFe3 (H/SmFe3): (a) Po = 122.29 kPa, 
H/SmFe3 = 7.88, m = 2.78 mg; (b) P0 = 12.70 kPa, H/SmFe3 = 1.56, 
m =4.83 mg. 
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ther absorption and the hydrogen concentration reaches 
the value of 4 H atoms per SmF%. As the temperature 
is increased and immediately after its formation, 
SmFesHs.1 begins to desorb hydrogen gradually, with 
a sharp decrease in the hydrogen content from 1.5 to 
0.6 H atom per SmFe3 occurring between the tem- 
peratures of 244 and 249 °C. Further heating causes 
an additional small decrease in the hydrogen content 
to the level of 0.2 H atom per SmFe3. This hydrogen 
content remains almost constant up to a temperature 
of 425 °C where a massive hydrogen absorption occurs 
with the SmFes hydride decomposing into Sm hydride 
and a-Fe according to the reaction 

SmFesH~ + H 2 = Sm hydride + a-Fe 

where 3=0.2. On cooling to room temperature, a-Fe 
remains unaffected but the Sm hydride absorbs more 
hydrogen at about 190 °C resulting in an Sm hydride 
of composition SmH2.ss. This feature of the ITA trace 
is very common for the Sm hydrides as observed in a 
study of the reaction between Sm metal and hydrogen 
gas [28]. 

Temperature cycling experiments performed with the 
ITA for the "SmFe3H4+ HE" system showed that hy- 
drogen desorption and absorption are completely re- 
versible between the temperatures of 25 and 400 °C 
with a temperature hysteresis of 16 °C occurring between 
249 and 233 °C between heating and cooling (Fig. 3(a)). 
The sharp decrease (on heating) and increase (on 
cooling) of the hydrogen concentration (of about 1 H 
atom per SmF%) is believed to be due to a preferential 
occupation or evacuation of certain interstitial sites of 
the rhombohedral structure by hydrogen atoms. 

Figure 3(b) shows the ITA trace for the "SmF% + H2" 
system obtained under an initial hydrogen gas pressure 
of 12.70 kPa and an H to SmFe3 ratio of 1.56. Hydrogen 
absorption begins at 140 °C and the hydrogen con- 
centration reaches its highest value of 0.21 H atom 
per SmFe3 (Pn2 = 8.25 kPa) at 156 °C. The low-hydrogen- 
concentration SmFe3 hydride is a result of the low 
hydrogen gas pressure applied during the experiment 
as expected in gas-solid reactions. As the temperature 
is increased, the hydride begins to desorb hydrogen 
gradually reaching a near-zero concentration at 337 °C, 
followed by a massive hydrogen absorption at about 
425 °C as a result of the decomposition of SmFe3 into 
a-Fe, Sm hydride and Sm. During decomposition, all 
of the available hydrogen is absorbed and the entire 
amount of SmFe3 is decomposed in contrast with the 
SmFe2 compound [29] where some SmFe2 remains 
unaffected. This is attributed to the fact that the reaction 
of hydrogen with SmFes occurs homogeneously, whereas 
SmFe2 reacts with hydrogen rather locally. The presence 
of elemental Sm (shown later in Section 3.2.1.2) is the 
result of the complete decomposition of SmFe3 and 

the lack of enough hydrogen to react with it; one mole 
of Sm "needs" two hydrogen atoms to form SmH2, but 
only 1.33 are available during the ITA experiment (Fig. 
3(b)). 

3.2.1.2. X-ray diffraction. Figure 4 shows the XRD 
pattern for the SmFesH4 powder. It exhibits the rhom- 
bohedral crystal structure with lattice parameters of 
a =5.378/~ and c = 27.345 /~ compared with those of 
a=5.180 /~ and c=24.789 /~ of the original SmFes 
phase (Fig. l(a)). This corresponds to a 19% lattice 
expansion. The stresses introduced in the SmFe3 hydride 
sample cause its decrepitation resulting in a fine powder 
of SmFe3 hydride. The XRD pattern for the aligned 
powder (Fig. 4(d)) suggests that, at room temperature, 
SmF%H, exhibits a uniaxial magnetocrystalline an- 
isotropy. The EDOM is along the crystallographic c 
axis. 

Figure 5 shows the XRD pattern of the sample at 
the end of the ITA experiment shown in Fig. 3(b). 
The sample contains a-Fe, Sm dihydride and some 
poorly crystallized elemental Sm, evident by the presence 
of the f.c.c.-SmO [28]. In the sample at the end of the 
ITA experiment shown in Fig. 3(a), no traces of Sm 
were found since hydrogen was readily available to 
react with the entire amount of Sm forming Sm hydride. 

3.2.1.3. Therrnomagnetic analysis - magnetization mea- 
surements. Figure 6 shows the TMA trace of an SmFesH4 
sample which was sealed in a small quartz tube under 
approximately 0.9 atm argon gas atmosphere. The Curie 
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Fig. 4. XRD pattern of SmE%I~: (a) random powder; (b) powder 
aligned in a magnetic field of 20 kOe and fixed in epoxy resin. 
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Fig. 5. XRD pattern of the sample at the end of the ITA trace 
shown in Fig. 3(b). 
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Fig. 6. TMA trace of an SmFeaH4 sample which was sealed in 
a small quartz tube under approximately 0.9 atm argon gas 
atmosphere. 

temperature of the hydride is about 90 °C. At about 
180 °C, there is a sharp increase in the magnetization 
due to the desorption of hydrogen and the formation 
of SmFe3 (or a low-hydrogen-concentration SmF%) for 
which the Curie temperature is about 390 °C as shown 
in the same TMA trace. At about 425 °C, the mag- 
netization of the sample increases again because SmFe3 
decomposes into a-Fe and Sm hydride. The cooling 
part of the TMA trace suggests that the decomposition 
products are only a-Fe (Tc=770 °C) and Sm hydride. 

Figure 7 shows the TMA trace of an SmFe3 sample 
which was sealed in a small quartz tube under ap- 
proximately 0.7 atm hydrogen gas atmosphere. The 
initial H atom to SmFe3 ratio was about 5.0. On heating, 
SmFe3 absorbs hydrogen at about 150 °C and the 
magnetization of the sample decreases since the 7c 
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Fig. 7. TMA trace of an SmF% sample which was sealed in a 
small quartz tube under approximately 0.7 atm hydrogen gas 
atmosphere. 

value of SmFe3 hydride is about 90 °C, as has been 
shown previously. Further heating causes hydrogen 
desorption regenerating SmFe3 and the magnetization 
of the sample increases. Above 425 °C, the magnetization 
increases due to the decomposition of SmFe3 into a- 
Fe and Sm hydride which remain the same after cooling 
to room temperature. 

The saturation magnetization (at 15 kOe, 25 °C) for 
SmFe3H4 was measured with a VSM and found to be 
70.8 e.m.u, g-I  compared with 80.6 e.m.u, g-1 for 
SmFe3. A similar decrease in the saturation magnet- 
ization has been observed [5, 6] to occur in the RFe3- 
hydrides (R = Gd or heavier rare earth) and is due to 
the increase in the Fe sublattice moment resulting in 
a decrease in the total magnetization (antiparallel cou- 
pling). In the case of the RFe3 hydrides with R -  light 
rare earth, the magnetization is expected to increase 
because of the parallel coupling between the Fe and 
R sublattice moments. 

3.2.1.4. Decomposition reaction mechanism. Possible 
decomposition mechanisms which explain the coexist- 
ence of c~-Fe, Sm hydride and elemental Sm are as 
follows. Initially, hydrogen causes the decomposition 
of SmFe3 into Sm + a-Fe and then it reacts readily with 
Sm to form Sm hydride. If the amount of hydrogen is 
limited (H/SmFe3 < 2), then some of the Sm will remain. 
In the case where hydrogen is readily available, the 
entire amount of Sm will react forming stable Sm 
hydride. It is also possible that, just before decom- 
position, a metastable SmFe3 hydride is formed which 
decomposes instantly into a-Fe, Sm hydride and Sm 
(if its hydrogen concentration is below 2H atoms per 
mole of SmFe3). The existence of a metastable SmFe3 
hydride is supported by the fact that, even in the 
presence of a limited amount of hydrogen (H/ 
SmFe3 < 2), the entire amount of SmFe3 decomposes. 
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Nevertheless, no direct experimental evidence of the 
presence of such a metastable SmFe3 hydride has been 
observed. 

3,2.2. Hydrogen desorption 
Figure 8 shows the ITA isochore trace for SmFeaH3. 4 

under initial vacuum conditions. Hydrogen desorption 
begins at 150 °C and is complete at 210 °C. The highest 
desorption rate occurs at about 180 °C in accordance 
with the observations in the TMA trace shown in Fig. 
6. Between the temperatures of 210 and 400 °C, the 
interstitial hydrogen concentration remains essentially 
constant at 0.2 H atom per SmFe3. This is followed 
by a massive hydrogen absorption at about 425 °C due 
to the decomposition of SmFe3 into a-Fe and Sm 
hydride, exactly as observed previously (see Figs. 3(a) 
and 6). 

3.3. Reaction of SmFe3 with nitrogen 
The ITA traces for powder and bulk SmFe3 in a 

nitrogen atmosphere are shown in Fig. 9. The powder 
sample begins to react with nitrogen at about 250 °C 
compared with 450 °C in the case of the bulk sample. 
The reaction seems to be complete at about 600 °C 
and 950 °C for the powder and bulk samples respectively. 
The XRD patterns of the SmFe3 powder samples heat 
treated under nitrogen gas at 450 and 950 °C are shown 
in Fig. 10. At 450 °C, SmFe3 coexists with SmN, a-Fe 
and elemental Sm. At 950 °C, the reaction is complete 
and only SmN and a-Fe exist. The nitrogenation of 
SmFe3 seems to occur in a similar manner to that of 
SmFe2. In the case of the nitrogenation of SmFe~, it 
has been suggested [29] that nitrogen initially causes 
the decomposition of the compound into a-Fe and Sm 
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with subsequent reaction of nitrogen with Sm to produce 
StuN. The nitrogenation mechanism seems to be the 
same for both SmFe3 and SmFe2 since elemental Sm 
was also formed during the nitrogenation of SmFe 3. 
As with SmFe2, no interstitial SmFe3 nitride was found 
to exist. 
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4. Conclusions 

By heating SmFe3 under relatively low pressures 
(10-125 kPa) of hydrogen gas, hydrogen is readily 
absorbed at about 140-170 °C forming an interstitial 
SmFe3 hydride with a room temperature composition 
of SmFe3H4. Both SmFe3 and SmFe3H4 have the same 
rhombohedral crystal structure and an EDOM along 
the c axis. The SmFe3H4 lattice is expanded 19% with 
respect to the SmFe3 lattice and this induces the 
decrepitation of the samples forming a fine powder. 
Compared with SmFe3, SmFe3H4 has a lower saturation 
magnetization (70.8 e.m.u, g-1 compared with 80.6 
e.m.u, g- l )  and a lower Curie temperature (90 °C 
compared with 390 °C). On heating and immediately 
after its formation, the SmFe3 hydride desorbs hydrogen 
gradually up to about 425 °C, where the low-hydrogen- 
concentration SmFe3 hydride decomposes into a-Fe and 
Sm hydride. The decomposition is accompanied by a 
massive hydrogen absorption. A decomposition reaction 
mechanism has been suggested where hydrogen causes 
the initial decomposition of SmFe3 into a-Fe and Sin, 
followed by a fast reaction between Sm and hydrogen 
forming Sm hydride. 

Nitrogenation of SmFe3 powder is initiated at about 
250 °C forming SmN, a-Fe and Sm. The total reaction 
rate is controlled by the reaction rate between Sm and 
nitrogen which is fairly slow. The end products are a- 
Fe and SmN. No interstitial SmFe3 nitride is formed 
at any temperature. 
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