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This paper deals with the study of Fe–W powders, which were prepared by electrolyzing, and their stabilized properties. The synthesized Fe-W powders were studied using
X-ray diﬀraction, thermal analysis, Mössbauer spectroscopy and thermomagnetic measurement. A poor hydrogen absorption occurred. After the heat treatment at 800◦ C, the
amorphous and α-Fe(W) phases were decomposed into prevailing α-Fe with approx. 3
at.% W accompanied by the W(Fe), λ-Fe2 W, and Fe2+ in oxide phases.
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Introduction

The recent intense development of modern powder metallurgy has provoked a
sudden interest in amorphous powders, particularly metallic ones. These materials represent a relatively new state of matter with an interesting combination of
physical and physical-chemical properties that make them very attractive from the
technical point of view. It is due to their great possibilities to be applied in the
manufacturing of precise components for various types of equipment by hot and
cold sintering [1–5]. The amorphous state of matter is, however, structurally and
thermodynamically unstable and very susceptible to partial or complete crystallization during thermal treatment or nonisothermal compacting. The latter imposes the
need to know its stability in a broad range of temperature. It is also worth to point
out that powder of metals or alloys, particularly in the amorphous state, are more
or less active absorbers of various gases, and the latter emphasizes the need for their
investigation in various atmospheres. It is well known that amorphous metals can
be prepared by means of sputtering, evaporation, and splat quenching techniques
and very easily by plating as well. The plating as a method for production of amorphous metals has been suggested in some papers since 1830, but these papers only
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reported that some plated alloy ﬁlms had amorphous structure. Recently some papers appeared describing the preparation of amorphous alloys by electroplating [3].
Our results obtained on Fe or Ni based amorphous alloys, which were prepared
using a co-deposition by electroplating [4, 5], showed that chemically synthesized
Ni82 P18 and electrochemically synthesized Fe89 P11 amorphous powder alloys are
active hydrogen absorbers in the temperature range from 100◦ C to 300◦ C and that
they transform into a crystalline state above this temperature range. Thus, in order
to synthesize an amorphous alloy of increased structural stability, with no intention to stabilize additionally the alloy by a crystallization over a wide temperature
range, tungsten was used as an amorphizer instead of phosphorous in the present
work.
The aim of this work is to check the possibility of tungsten usage in connection
with the supposed hydrogen absorption ability and thermal stability.
2

Experimental

The Fe–W powders of diﬀerent compositions were obtained by electrolyzing
aqueous solutions containing Na2 WO4 · 2H2 O, C2 H2 O4 · 4H2 O, glycine and FeSO4
· 7H2 O at a current density of 8 A/dm2 by changing the ratio of iron to tungsten
but maintaining their total molar concentration of 0.26 M in the solution. The
electrolysis was performed using a Cu cathode and a Pt anode in a stream of
puriﬁed nitrogen, whose continuous ﬂow was used for stirring the electrolyte in the
electrolyzer at 80◦ C. The chemical compositions of the cathode powders obtained
and marked as alloy 1, alloy 2, and alloy 3 are given in Table 1. Microscopic analysis
showed that 97% of the particles have dimensions in the range of (0.5–4.5) µm.
Table 1. The compositions of the electrolytes and obtained alloys.
Alloy

Fe/W molar ratio
in electrolyte

Fe/W mass
composition

Fe/W atomic
composition

1
2
3

1:9
2:8
3:7

76 : 24
80 : 20
84 : 16

91.2 : 8.8
92.9 : 7.1
94.5 : 5.5

The thermal stability, the process of crystallization, and the process of hydrogen
absorption were investigated by non-isothermal thermal analysis (DSC, DTA) with
the use of a Du Pont Thermal Analyzer (model 1090). In this case, samples weighting several milligrams were heated in the DSC cell from room temperature to 500◦ C
in a stream of hydrogen at normal pressure and in the DTA cell from room temperature to 1300◦C in a stream of nitrogen at normal pressure. The X-ray powder
diﬀractogram (XRPD) patterns were obtained by a Philips PW-1710 automated
diﬀractometer using a Cu-tube operated at 40 kV and 30 mA. The instrument was
equipped with the diﬀraction beam curved graphite monochromator and a Xe-ﬁlled
proportional counter. The XRPD were collected in the 2θ angle range of 4◦ –90◦ ,
2
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counting for 0.25 and 2.5 seconds, respectively, in 0.02◦ steps. A ﬁxed 1◦ divergence
and 0.1 mm receiving slits were used. The XRPD pattern data were processed by
a Philips APD software PW-1844. The unit cell dimensions of Fe–W alloys were
calculated in the Im3m space group from three the most intensive peaks: (110),
(200) and (211) as averaged values. The obtained values were compared with the
corresponding values in the JCPDS-data base (card ﬁle 6-0696 for α-Fe and 4-0806
for W). The parameters of crystallite size, i.e. the length of coherent order structure (LHKL ), were calculated from the Scherrer’s method [7]. The crystallite size
dimensions were measured on the most intensive reﬂection with the Miller indices
(110).
The Mössbauer spectra of the powder material were taken in the standard transmission geometry using a 57 Co(Rh) source at room temperature and at 20 K. The
calibration was performed against α-iron foil data. For the ﬁtting and decomposition
of the spectra, the “CONFIT” program package was used [9]. The computer processing yielded intensities I of components, their hyperﬁne inductions Bhf , isomer shifts
δ and quadrupole splittings σ. The contents of the iron containing phases are given
as intensities of the corresponding spectral components (phases with negligible iron
content are not detectable by Mössbauer spectroscopy). The exact quantiﬁcation
of the phase contents could be determined only when possible diﬀerences in the
values of Lamb–Mössbauer factors were considered. The phase analysis published
in [10–12] was applied.
Transmission electron microscopy and electron diﬀraction were used to support
the Mössbauer phase analysis.
The thermomagnetic (TM) curve was measured for weakly compacted material
of cylindrical shape with a diameter of 2 mm and thickness of about 1.5 mm placed
in a special vacuum furnace, using an EG&G vibrating sample magnetometer in a
ﬁeld of 3.98 kA/m (50 Oe) with a heating and cooling rate of 4 K/min.
3

Results

The structure and micro-structural parameters of electrochemically obtained
powders of the Fe–W alloys were inspected by comparing their XRPD patterns,
Fig. 1 and Table 2, with the same parameters taken for the pure α-Fe and W from
the JCPDS database.
Table 2. The crystallinity and the enthalpy of the absorption for hydrogen.
Alloy

2θ
(◦ )

d-value

Crystallinity

a
(nm)

L(110)
(nm)

∆H
(J/g)

m
Tabsor
◦
( C)

1
2
3

43.875
43.790
43.730

2.0619
2.0657
2.0684

2.66
4.93
6.66

0.2911(1)
0.2920(1)
0.2929(1)

11.7
23.8
35.7

−24.1
−27.2
−28.2

226.3
239.2
251.4
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Fig. 1. X-ray diﬀractograms on as-prepared samples of: a) Fe91.2 W8.8 , b) Fe92.9 W7.1 ,
c) Fe94.5 W5.5 .
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XRPD patterns of the alloys (Fig. 1) indicate some amorphization of the iron
phase in the presence of tungsten. In the alloys, the α-Fe(110) peaks (2θ = 43.8◦)
have lower intensity; they are broadened and shifted towards lower 2θ values due
to an incorporation of W atoms in Fe lattice. This can be explained by interfacial
regions with partial incorporation of tungsten atoms into the iron crystal lattice
according to the Vegard’s rule, which causes its deformation, owing to a somewhat
larger atomic radius of tungsten. This is evident in Table 2. It is clear from the
obtained grain size values (L110 ) that the investigated alloys are nanostructured
compounds having diﬀerent dimensions dependent on synthesis conditions. The
obtained alloys showed some structural changes above 400◦ C after annealing at the
temperature up to 1200◦ C during DTA measurement (Fig. 2).

Fig. 2. DTA thermograms of Fe91.2 W8.8 for heating and cooling cycles in argon ﬂow.
Measured with the heating rate of 20 K/min.

The DSC thermograms of the alloys in the temperature range from 20◦ C to
500◦ C show complex exotherms. They can be ascribed to the reduction of the oxide
ﬁlm formed on the surface of the alloy particles during drying after the synthesis
and partially to a process of poor absorption of hydrogen between 120◦C and 300◦ C
(Fig. 3). The enthalpies ∆H of these processes shown in Table 2 were determined
by integrating the areas of the corresponding peaks in the DSC curves using the
program “Interactive DSC V2.0”.
The positive values of the free energy of hydrogenation are obtained as a result
of negative entropy of the gas-solid reaction and the small value of the positive
enthalpy. It reﬂects the fact that the process is not spontaneous and is possible
only above certain temperature.
Czech. J. Phys. 55 (2005)
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Fig. 3. DSC thermograms in hydrogen ﬂow of a) Fe91.2 W8.8 , b) Fe92.9 W7.1 , c) Fe94.5 W5.5 .
Measured with the heating rate of 20 K/min.

As no substantial diﬀerence in behaviour of all three alloys was found, for further
Mössbauer and magnetic structural study, alloy 1 was chosen only. Examples of
the Mössbauer spectra of the alloy 1 are shown in Fig. 4. The parameters of the
spectrum components yielded by ﬁtting are summarized in Table 3.
The prevailing paramagnetic part is formed by singlets LA1 and LA2 and doublets DA1 and DA2. The singlets were ascribed to the γ-Fe particles. Their isomer
shifts are in a good agreement with the values reported, e.g., in [12, 13]. The doublets together with sextets SA5 and SA6 were identiﬁed as the amorphous phase
indicated in the X-ray diﬀractogram. It should be noted that the isomer shifts of
6
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Fig. 4. The Mössbauer spectra of the as prepared Fe91.2 W8.8 taken at room temperature before (above) and after thermomagnetic curve measurement (below). Components
belonging to iron-rich (A) and tungsten-rich (B) phases are depicted (see the table for
labels).
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Table 3. The parameters derived from Mösbauer spectra of the as-prepared powder and
of the sample after measurement of TM curve
Component

I

δ
(mm/s)

σ
(mm/s)

Bhf
(T)



I

Phase

As-prepared powder
SA1
SA2
SA3
SA4

0.04
±0.01
0.05
0.06
0.07

0.09
±0.01
0.21
0.01
0.18

0.05
±0.01
0.13
0.21
0.07

32.94
±0.08
30.01
26.67
23.84

SA5
SA6
DA1
DA2

0.05
0.07
0.24
0.10

−0.05
0.29
0.13
0.49

0.07
0.43
0.51
0.42

18.47
6.32
—
—

LA1
LA2

0.20
0.12

−0.09
0.21

—
—

—
—

0.22

0.46

0.32

α-Fe(W)
+ amorphous phase

amorphous phase
+ interfacial regions
γ-Fe

Powder after heat treatment
SB1
SB2
SB3

0.51
0.04
0.04

0.00
0.02
−0.01

0.00
0.01
0.01

33.16
30.37
28.58

0.59

α-FeW

DB1

0.20

0.02

0.35

—

0.20

W(Fe)

DB2

0.11

0.90

0.98

—

0.11

Fe2+

LB1

0.10

−0.24

—

—

0.10

λ-Fe2 W

the doublets are diﬀerent from those found in the ball milled Fe–W in [14] and the
nanocrystalline Fe–W in [15]. The intensity and the components of the paramagnetic part remain stable up to 20 K, except temperature shift and slight change
in the quadrupole splitting. It indicates that the paramagnetic part does not represent small superparamagnetic particles. Even the γ-Fe phase did not transform
itself from paramagnetic to antiferromagnetic state in our sample by cooling down
to 20 K unlike the γ-Fe precipitates in Cu matrix [16]. The magnetic part represented by the sextets SA1–SA4 cannot be simply ascribed to a crystalline α-Fe(W)
solid solution identiﬁed in the X-ray diﬀraction. The distribution of their partial
intensities does not ﬁt to the values expected for a homogeneous solid solution
of 8.8 at.% W in the bcc Fe. This can be caused by overlapping of the α-Fe(W)
components with other components of the magnetic ordered amorphous phase in
the Mössbauer spectrum. The composition of the ferromagnetic phase also remains
stable after cooling down to 20 K.
After the heat treatment during the measurement of the thermomagnetic curve,
the intensity of the magnetic part increased at the expense of the paramagnetic one.
The distribution of its components SB1–SB3 is close to solid solution of W in α-Fe.
The content of the W can be estimated by a comparison with a model of solid
8
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Fe O . W O 3 B [–1,0,1]

Fig. 5. The transmission picture and diﬀractogram of a compact FeO · WO3 particle of
the powder.

FeO ⋅ WO3, B [1,2,4]

Fig. 6. The transmission picture and diﬀractogram of a complex FeO · WO3 particle of
the powder.

Czech. J. Phys. 55 (2005)

5957 C

9

D.M. Minić et al.

Fig. 7. The thermomagnetic curve of Fe91.2 W8.8 measured at 3.98 kA/m (50 Oe) with the
heating and cooling rate of 4 K/min.

solution in bcc α-Fe to approx. 3 at.%. The components of the paramagnetic part
DB1, LB1, and DB2 were ascribed to the W(Fe), λ-Fe2 W, and Fe2+ phases, respectively. The isomer shifts of the W(Fe) and λ-Fe2 W are in a good agreement with
the data summarized in [15]. Fe2+ phase arises very probably from the FeO · WO3
oxide that was detected also using TEM (Figs. 5, 6) and whose traces were also
observed in the spectra of the ball milled Fe–W in [14]. The result of the Mössbauer
phase analysis shows that during the annealing a decomposition takes place and
the detected phases agree with those in the equilibrium Fe–W phase diagram [17].
The λ-Fe2 W found in our crystallized sample is paramagnetic down to 20 K.
The TM curve itself (Fig. 7) reﬂects some structural changes during a heating
of the sample, especially above 500◦ C. The sharp increase in the magnetic moment
can be ascribed to a crystallization of the amorphous phase and decomposition into
iron-rich α-phase and W rich phases that enhances the total magnetic moment of
the sample. The small bulge above the temperature of 200◦ C corresponds with the
shape of the DTA curve and can be explained by a relaxation of the amorphous
structure and/or an annihilation of defects. The Curie temperature derived from
the curves by increasing and decreasing temperatures is approximately 755◦ C which
indicates some low amount of W in the solid solution of α-Fe(W).
10
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Conclusion

The investigation of the thermal stability of all three amorphous Fe–W alloys,
prepared by electrolysis of aqueous solutions of corresponding electrolytes, by thermal analysis (DSC and DTA) has shown that poor hydrogen absorption takes place,
as an exothermal process, in the temperature range from 100◦C to 300◦ C. Obviously, the reducing reaction with oxide ﬁlms takes place as well. According to the
X-ray diﬀractograms, a certain extent of an amorphisation can be expected to be
present. The hysteresis of the DTA curve measured by heating up to 1200◦C in an
argon atmosphere indicated some structural changes above 400◦ C. It was certiﬁed
by the thermomagnetic curve where a crystallization of the amorphous phase and
formation of an α phase can be observed above 500◦ C.
In Mössbauer spectra of the as-prepared powder, the α-Fe(W) phase was found.
However, the prevailing amount of iron atoms is situated in an amorphous phase
and in interfacial regions with distorted crystal lattice. After the heat treatment
by measurement of the TM curve, the α-Fe with approx. 3 at.% W is the most
pronounced phase which is accompanied by the W(Fe), λ-Fe2 W, and Fe2+ in the
FeO·WO3 phases. The estimated content of the W in the α-Fe is in a go agreement
with the Curie temperature determined from the TM curve.
The work has been partially supported by grants Nos. 102/01/1335/B and 202/01/0668
of the Grant Agency of the Czech Republic.
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275.
[2] K. Uenishi and P.H. Shingu, in Sintering 87, (Editor?) Elsevier, 1988, p. 189.
[3] T. Watandle: New Mater. New Proces. 3 (1987) 307.
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