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Structural analysis of amorphous 
(Fe1_xMnx)78B22 alloys by X-ray diffraction and 
electrical resistance 
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The structure of amorphous (Fel_xMnx) alloys prepared by a single roller technique has 
been investigated in terms of X-ray diffraction and electrical resistance. The lattice parameter 
of the crystalline precipitates, which were c~-Fe and bc t  (FeMn)3B, was determined under 
different heat treatments. On heating up to 440~ where a mixture of amorphous and crystal- 
line phases exists and up to 550 ~ C corresponding to the completion of crystallization, the lat- 
tice parameter of the 0~-Fe phase rises to that of pure c~-Fe with increasing manganese con- 
centration. In samples annealed at 660~ for 5 h, the opposite behaviour is observed. These 
results can be explained on the basis of the position of the boron atom occupying the ~-Fe 
lattice, the pressure effect exerted by the environment, and the enhancement of the chemical 
short-range ordering between manganese and boron atoms with manganese concentration. In 
the b c t phase, which shows a reduction in lattice parameter with manganese concentration 
independent of heat treatment, the effect of redistribution of the atoms in the unit cell should 
be also taken into account. 

1. In troduct ion  
Iron-based amorphous alloys are of  great fundamen- 
tal and technical interest. For  instance, in contrast to 
F e - B  alloys which are ferromagnetic in the amor- 
phous state, ternary F e - B  alloys containing man- 
ganese atoms exhibit a characteristic magnetic behav- 
iour, i.e. transition from ferromagnetism to spin glass 
phase at a critical manganese concentration due to 
increasing antiferromagnetic coupling between man- 
ganese atoms with manganese concentration [1-5]. 
The crystallization process, which has a significant 
effect on the change in physical properties, has been 
extensively investigated. In binary F e - B  alloys, the 
precipitate formed on crystallization is ~-Fe and, 
depending on the alloy composition and the heat treat- 
ment, metastable b c t  or orthorhombic Fe3 B com- 
pound is produced and the equilibrium state is the 
mixture of  e-Fe and b c t Fe2 B phases [6-8]. In ternary 
F e - B  alloys with a manganese atom substituted for 
an iron atom, the b c t (FeMn)3 B phase which appears 
is reported to be the metastahle phase [9]. How- 
ever, more detailed knowledge is required about the 
change in structure caused by manganese atoms added 
to binary F e - B  alloys during the crystallization 
process. 

The present work is mainly concerned with the 
stucture analysis of  crystallization products under dif- 
ferent heat treatments in connection with the tem- 
perature dependence of electrical resistance for ter- 
nary (Fel_xMnx)78B22 alloys. In addition, the vari- 
ation of  electrical resistance during the crystallization 
process as a function of temperature and manganese 

concentration up to x = 0.20 is discussed. Discussion 
is also presented of  the structure of the precipitates 
formed on crystallization, taking into account pos- 
ition of the boron atom. 

2. Exper imenta l  p r o c e d u r e  
Amorphous (Fel_x Mnx)78 B22 alloys were prepared by 
quenching ingots arc-melted in an argon atmosphere 
by means of a single roller technique with a roller 
diameter of  15 cm and a revolution of  6000 r.p.m. The 
electron-beam method was applied to melt the ingots 
in a vacuum of  10-4torr (1.33 x 10-2Pa), which 
serves to decontaminate the samples and to reduce 
mixing of impurities. The amorphous state of  the 
samples was identified by X-ray diffraction using 
CuK0~ radiation. The electrical resistance was measured 
by a d.c. four-probe method at heating rates of  2 and 
10 ~ C min 1 over the temperature range 0 to 700 ~ C. 
The change in crystal structure during the crystalliz- 
ation process was examined by X-ray diffraction 
under the following three types of heat treatment With 
reference to the data of  resistance: (1) heating to 433 
to 440 ~ C, where the alloys consist of a mixture of 
amorphous phase and crystalline phase; (2) heating 
to 510 to 550 ~ C, which is the temperature correspond- 
ing to completion of  crystallization as shown in Fig. 1 
as TL; and (3) annealing at 660 ~ C for 5 h, where only 
the crystalline phase exists. In Conditions 1 and 2, the 
samples were successively cooled to room temperature 
not more than 40 sec after being heated to the specified 
temperature at a heating rate of  2 ~ C min-1, to impede 
the progress of  crystallization. 
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Figure 1 Temperature dependence of electrical resistance at a heat- 
ing rate of 2~  -f  for (Fel_~Mnx)78B22 alloys where the resist- 
ance is normalized to that at room temperature. The dashed line is 
a curve at 10~ 

3. Results 
3.1. Electrical resistance 
Fig. 1 shows the temperature dependence of elec- 
trical resistance at a heating rate of 2~ min 1 for 
(Fe1_xMnx)78B22 alloys. The crystallization tempera- 
ture, Tx, is defined as the temperature at which the 
resistance begins to drop drastically�9 It is found that T x 
increases slightly with manganese concentration. The 
characteristic variation of resistance with temperature 
is observed during the crystallization process as the 
manganese concentration increases. In Fig. 2, the 
behaviour of resistance near Tx and above, is displayed 
on an enlarged scale. For a manganese concentration 
x = 0.01, we can see that there is an increase in resist- 
ance with temperature just after an abupt decrease in 
resistance. With increasing manganese concentration, 
on the other hand, the resistance gradually decreases 
in the latter half of the crystallization process, fol- 
lowed by a distinct resistance minimum which shifts to 
the higher temperature side. The quantitative vari- 
ation mentioned above is given in Fig. 3 at heating 
rates of 2 and 10 ~ C min-l,  where TL is the temperature 
at the resistance minimum, and RL and Rx are the 
resistances at TL and Tx, respectively, as shown in 
Fig. 1. The resistance difference, Rx-RL, decreases 
with manganese concentration and the tempera- 
ture difference, TL-Tx, increases. This results in 
the amorphous-crystalline transition becoming more 
obscure in alloys with higher manganese concen- 
trations. 

3.2. X-ray diffract ion 
The X-ray diffraction patterns on the low angle side 
near the first halo peak are shown for x = 0.10 in 
Fig. 4 under the three heat treatments. A peak of ~-Fe 
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Figure 2 Change in resistance, displayed on an enlarged scale, 
during the crystallization process in Fig. I. Heating rate: (o--o)  
2~ Cmin -1, ( - - - )  10o Cmin -1. 

(1 1 0) is observed near 20 = 45 ~ with other peaks for 
the Miller indices quoted in the figure corresponding 
to the b c t phase which is considered to be (FeMn)3 B. 
A sharp and enhanced peak is seen for a-Fe (1 1 0) 
upon heating at high temperatures and long-term 
annealing. However, the tendency does not necessarily 
follow for b c t  phase, because the intensity of the 
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Figure 3 Manganese concentration dependence of Tx, T L - T  x and 
R x - R  L. Heating rates: (o) 10~ i, (g) 2oCmin- l .  
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Figure 4 X-ray diffraction patterns near the first halo peak for 
(Fe0.9 Mn0,1)78 B22 alloy under three heat treatments. 

T A B L E  I X-ray diffraction data for (Fe0.9Mn0.1)78B22 alloy for 
the three heat treatments. The observed intensity lob S is normalized 
to the max imum in each structure 

hkl dob, (nm) d0a I (nm) lob ̀ Str. 

(1) Heating to 435 ~ C 
3 2 1 0.2078 0.2086 100 b c t  
1 1 0 0.2017 0.2024 100 ~-Fe 
4 2 0  0.1919 0.1920 34 b c t  
41 1 0.1871 0.1876 72 b c t  
5 1 0 0.1682 0.1684 31 b c t  
61 1 0.1344 0.1342 13 b c t  
3 1 0 0.0906 0.0906 19 ~-Fe 

(2) Heating to 510 ~ C 
4 0 0  0.2141 0.2151 14 b c t  
3 2 1 0.2085 0.2085 100 b c t  
1 1 0 0.2024 0.2026 100 c~-Fe 
4 2 0  0.1923 0.1923 36 b c t  
41 1 0.1877 0.1877 59 b c t  
2 2 2  0.1751 0.1753 16 b c t  
5 1 0 0.1685 0.1687 25 b c t  
2 0 0  0.1434 0.1433 8 c~-Fe 
61 1 0.1344 0.1343 11 b c t  
550  0.1219 0.1217 17 b c t  
6 4 0  0.1197 0.1193 8 b c t  
21 1 0.1173 0.1170 11 7-Fe 
0 0 4  0.1068 0.1072 7 b c t  
552  0.1060 0.1058 7 b c t  
2 2 0  0.1015 0.1013 4 c(-Fe 
3 1 0 0.0908 0.0906 2 c~-Fe 

(3) Annealing at 660 ~ C for 5 h 
4 0 0  0.2152 0.2152 13 b c t  
3 2 1 0.2090 0.2088 100 b c t 
1 10 0.2026 0.2027 100 7-Fe 
4 2 0  0.1927 0.1926 43 b c t  
4 1 1 0.1879 0.1879 52 b c t  
222  0.1754 0.1756 17 b c t  
3 12 0.1688 0.1688 30 b c t  
2 0 0  0.1429 0.1433 I0 ~-Fe 
550  0.1218 0.1218 11 b c t  
2 1 1 0.1174 0.1171 11 ~-Fe 
220  0.1014 0.1014 4 ~-Fe 
3 1 0 0.0908 0.0907 6 ~-Fe 

Heat Lattice parameter  (nm) 
treatment 

~-Fe a b c t  a b c t  c 

(1) 0.2863 0.8587 0.4323 
(2) 0.2865 0.8604 0.4290 
(3) 0.2867 0.8611 0.4302 

peaks rather diminishes on annealing at 660 ~ C for 5 h. 
In Table I, the X-ray diffraction data for the same 
alloy are collected. 

The lattice parameter of  the b c t (FeMn)3 B phase is 
given in Fig. 5 as a function of manganese concentra- 
tion for the three heat treatments. The features are 
summarized as follows: (1) the heat treatment has an 
insignificant influence on the lattice parameter in 
manganese-enriched alloys; (2) the manganese con- 
centration dependence of  the lattice parameter is 
remarkable, especially on heating to 433 to 440 ~ C; 
and (3) the lattice parameter of  the annealed samples 
(660 ~ C, 5 h) is large compared to that of  those heated 
to 510 to 550~ 

Fig. 6 shows the variation of  lattice parameter for 
the ~-Fe phase with manganese concentration and 
heat treatment. With increasing manganese con- 
centration the lattice parameter approaches that of  
pure c~-Fe in any heat treatment. However, it should 
be noted that the lattice subject to annealing at 660 ~ C 
for 5 h expands, compared to the pure ~-Fe lattice 
subjected to other heat treatments. 

4. Discussion 
4.1. Electrical resistance 
In general, it is proved that the coexistence of  the 
crystalline phase in an amorphous matrix leads to a 
decrease in Tx [10]. As seen in Fig. 3, however, Tx 
increases slightly with manganese concentration. The 
manganese concentration dependence of  Tx, there- 
fore, may be interpreted on the assumption that the 
presence of a manganese atom gives rise to a delay in 
the amorphous-crystal l ine transition for the fol- 
lowing reasons: in a locally manganese-rich region in 
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Figure 5 Dependence of lattice parameters a, c and c/a of  the b c t  
(FeMn)3B phase on manganese  concentration under three heat 
treatments.  (o)  433 to 440~ (zx) 510 to 550~ (n) 660~ 5h.  
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Figure 6 Variation of lattice parameter a of the ~-Fe phase with 
manganese concentration and heat treatment. The horizontal arrow 
indicates the lattice parameter of pure ~-Fe. (o) 433 to 444 ~ C, (zx) 
510 to 550~ (n) 660~ C, 5h. 

the amorphous state a chemical short range ordering 
between manganese and boron may be preferentially 
formed, because the manganese atom is slightly lar- 
ger in atomic radius compared to the iron atom. 
Walter [11] concluded that addition of atoms of  larger 
atomic radius to the Fe82BI8 alloy leads to a higher 
crystallization temperature. Riontino and M arino [12] 
suggested a higher probability of  clustering for man- 
ganese and boron atoms in terms of the measurement 
of  isothermal variation of  resistivity. As a result of the 
enhancement of  the ordering with increasing man- 
ganese concentration, therefore, we can observe the 
obscure transition from the amorphous to the crystal- 
line state, followed by a gradual change in resistance 
and the resistance minimum. 

4.2.  S t r uc tu r e  ana lys i s  by  X-ray  d i f f rac t ion  
Initially we will discuss the crystalline state of  the ~-Fe 
phase. Samples heated to 433 to 440~ are normally 
believed to be a mixture of ~-Fe, b c t (FeMn)3 B and 
amorphous phases. The influence on the ~-Fe phase of  
pressure from the environment results in a contraction 
of the ~-Fe lattice. The stress, p, is approximately 
represented by the equat ionp = (Aa/aFe) E, where ar~ 
is the lattice parameter of  pure c~-Fe, Aa the difference 
from are, and E Young's modulus. In a case of the 
manganese concentration of x = 0.07, for instance, 
p = 2.2 • 103atm (2.2 x 108pa) is obtained with 
aF~ = 0.28662nm, Aa = 4.0 • 10-4nm and by using 
E = 1.6 x 1011Nm -2 for FesoB20 alloy [13]. In the 
sample subjected to heating to 510 to 550~ it is 
likely that the amorphous phase diminishes in popu- 
lation or hardly exists, leading to a decrease in stress 
and an expansion of  the lattice. In fact, we obtain 
p = 6.0 x 10=atm(6.0 x 107pa) wi thAa  = 1.1 x 
10-4rim for the same manganese concentration. 

It is generally thought that super-saturated boron 
dissolves in the ~-Fe phase, in substitutional or inter- 
stitial sites [14]. The variation of lattice parameter as 
seen in Fig. 6 will be qualitatively understood from the 
following discussion. In Fig. 7a, the behaviour of the 
lattice with pressure is schematically presented. The 
dashed and full lines represent the lattice of  pure ~-Fe, 
and the lattice which has contracted due to pressure 
from the environment, respectively. Provided that the 
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Figure 7 Schematic presentation of the change in lattice distance of 
~-Fe phase with pressure, the site of the occupying boron atom and 
chemical ordering between manganese and boron atoms, where the 
open circle represents the iron atom and the full circle the boron 
atom. 

boron atom substitutionally occupies the site, the lat- 
tice will be reduced still further, because of the smaller 
atomic size of  the boron atom compared to that of the 
iron atom. This situation actually corresponds to the 
state heated to 433 to 440 ~ C. In the samples heated to 
510 to 550 ~ C, the lattice expands because of a decrease 
in stress. If  we assume chemical ordering between 
manganese and boron atoms and its enhancement 
with manganese concentration, an explanation may be 
given for the behaviour: the lattice approaches that of  
pure c~-Fe in enriched manganese alloys, as a result of 
a decrease in the number of boron atoms in the ~-Fe 
phase due to the chemical ordering. 

Next in the case where the boron atom occupies 
interstitial site, the stress-free lattice may expand by 
the presence of the interstitial atom, as seen in Fig. 7b. 
The present data, however, indicate that the lattice 
should contact by the stress exerted from the environ- 
ment at low manganese concentrations, independent 
of  the existence of the interstitial atom. In a similar 
way of thinking, the lattice should diminish in size 
with manganese concentration as a result of  a decrease 
in the population of boron atoms. This behaviour is 
inconsistent with the present manganese concentra- 
tion dependence (Fig. 6). In the sample subjected to 
the heat treatments mentioned above, it follows that 
boron atoms occupy the ~-Fe phase substitutionally, 
rather than interstitially. 

In the interface between a-Fe and b c t phases, the 
lattice is probably subjected to pressure or tensile 
stress influenced by the other phase [14]. The following 
reasons may be given for the lattice expansion of ~-Fe 
in annealed samples: (1) the ~-Fe lattice is subjected to 
tensile stress by the b c t phase; (2) the boron atoms 
interstitially occupy the ~-Fe lattice. However, an esti- 
mate can be made that the presence of interstitial 
boron atom, as claimed by Wang et al. [7] for the 
FeB3 B17 alloy in equilibrium, mainly contributes to the 
lattice expansion, since the X-ray diffraction patterns 
of  the ~-Fe phase in Fig. 4 show that the sample 
annealed at 660~ for 5 h is nearly stress-free. To 
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explain the behaviour of  the annealed sample shown 
in Fig. 6, therefore, we must assume the presence of  
boron atom interstitially occupying the lattice, which 
has not been verified experimentally in this work, as 
shown in Fig. 7c. 

On the other hand, this is not very simple for the 
b c t (FeMn)3 B phase, because the peak height of X-ray 
diffraction diminishes and other peaks existing on 
heating to 510 to 550 ~ C, (6 1 1), (6 4 0), (0 0 4), (5 5 2), 
are not observed or are too weak to be identified, in 
annealed samples, as shown in Table I. As one possi- 
bility, a transformation from b c t  (FeMn)3B to b c t  
(FeMn)2B is supposed. However, we can exclude this 
possibility on the grounds that the latter phase appears 
near 800~ [15] and its lattice parameter of the a-axis 
(0.51 nm) [16] is quite different from that of  the present 
data (0.86nm). There may be another possibility of 
the appearance of  an orthorhombic (FeMn)3 B phase. 
Since the diffraction lines of  b c t and orthorhombic 
phases are similar to each other [8], more discussion 
about this possibility cannot be now presented. 

On the basis of the similar variation of lattice para- 
meters of the a-axis in b c t  and e-Fe phases, it is 
possible that boron atoms occupy not only substitu- 
tionally but also interstitially in the b c t phase with a 
large interatomic distance. However, the behaviour of  
the lattice parameter in the b ct  phase cannot be 
understood straightforwardly from solely the site the 
boron atoms occupy and the stress effect, just as in 
the e-Fe phase. Together with the chemical ordering 
between manganese and boron atoms, therefore, the 
effect of the increasing coupling between iron and 
manganese atoms with manganese concentration 
should be taken into account, which manifests itself in 
the change in the crystal structure factor due to the 
redistribution of e-Fe, manganese and boron atoms in 
the unit cell. 
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