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Abstract It has been shown for iron-group alloys of
tungsten, using ESCA spectroscopy of samples sputtered
with argon ions and SEM/EDS analysis, that no oxygen
is present in the alloy bulk. A very weak internal orga-
nization in the alloys, which follows from low and wide
di�ractograms usually obtained for electrodeposited
layers, is thought to be a heavily distorted structure of
the major metal component of the alloy. Thermal crys-
tallization of thin layers of the amorphous tungsten
alloys does not lead to formation of well-known inter-
metallic crystal structures.
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Introduction

Amorphous metallic alloys became attractive in physics,
engineering, and chemistry in the 1960 s, when rapid
quenching became available as a relatively simple
method of production of these alloys [1]. At the same
time, electrochemical methods were developed which
allowed production of amorphous metal ®lms on vari-
ous substrates [2, 3]. The more technologically advanced
but less frequently used methods are those such as ion
implantation [4], sputtering with beams of inert-gas ions
[4], mechanical alloying [5], and transformation of
crystals into amorphous materials under ultrahigh
pressure [6].

Electrodeposition of tungsten alloys on various sub-
strates is of practical signi®cance because of their cor-

rosion and wear resistance [7±10]. However, their
potential ability to protect a particular substrate is often
decreased by either poor adhesion to the substrate sur-
face, or easy exfoliation, or cracking as a result of the
existence of high internal stress. Electrodeposition of
tungsten-containing alloys is an interesting electro-
chemical phenomenon, because tungsten cannot be
plated alone from aqueous solutions [11].

In the literature, there are few data concerning the
structure and composition of the amorphous tungsten
alloys. The structure of the tungsten alloys obtained by
electrodeposition is not perfectly amorphous. The X-ray
di�ractograms possess broad signals of low intensity [12,
13], which indicates that only a very limited assembling
exists in the structure of these materials. An open
question is whether the amorphous tungsten alloys
contain signi®cant amounts of oxygen. The aim of this
paper is to address these problems by X-ray di�raction,
scanning electron microscopy (SEM), energy dispersive
X-ray spectroscopy (EDS), wave dispersive X-ray spec-
troscopy (WDS), and electron spectroscopy for chemical
analysis (ESCA) studies of the tungsten alloys with co-
balt, nickel, and iron.

Experimental

The depositionswere performedwith anEG&GPARCpotentiostat/
galvanostat model 173, which was controlled by a computer equip-
ped with a National Instruments Lab PC 12-bit 48-channel ADDA
card. The software, which allowed programming of a current
waveform of arbitrary shape, was developed in our laboratory. Co-,
Ni-, and Fe-W alloy layers were deposited on copper and platinum
foils. Before experiments the foil was polished, washed with a de-
tergent, and rinsed with water and acetone. This was followed by
immersing the foil into a 5%H2SO4 solution for 20 s to activate the
foil surface. The copper cathode (4 cm2) was placed between two
platinum anodes of areas 8 cm2. Mass and thickness of the layers
were determined by weighing. The composition of the plating bath
was as given in the patent [12]: sodium tungstate (81.5 g/l), ammonia
citrate (59 g/l), conc. (85%) phosphoric acid (7.69 ml/l), boric acid
(10.25 g/l), 2-butene-2,4-diol (0.05 g/l), 25% ammonia solution to
adjust the pH to 8.5, and Co(NO3)2.x6H2O (3.89 g/l), NiSO4
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(2.8 g/l), or FeSO4 (2.8 g/l). BPO4, which according to the patent
procedure should be present at a concentration of 17.5 g/l, was re-
placed by H3PO4 (85%) and H3BO3 at concentrations of 7.69 ml/l
and 10.25 g/l, respectively, which were added to the galvanic bath
[13]. Separation of anodic and cathodic compartments by a glass frit
avoided degradation of the plating bath solution [14].

The structure of the alloys deposited was determined by X-ray
di�raction using a DRON-1 instrument with a cobalt X-ray lamp
equipped with a CoKL ®lter. Optical inspection of the alloy surface
was done with an inverted metallurgical microscope (Olympus,
type PM3). Detailed observation of surface topography of the al-
loys and determination of composition of the alloys were done
using a Leo Zeiss SEM model 435 VP, in conjunction with an
X-ray EDS analyzer from Roentec (Germany), model M1. The
instrument used for WDS analysis was from CAMECA (France),
model SX-50. Surface composition analyses were done using ESCA
spectroscopy equipped with an aluminum cathode.

The plating temperature was maintained at 65 °C. The current
density of the deposition process was set at 35 mA/cm2 for the Co
and Fe alloys, and 70 mA/cm2 for the Ni alloy. The volume and pH
of the bath were corrected by adding water and ammonia, re-
spectively. All solutions were prepared from analytical grade
chemicals and deionized water.

Results

Electrodeposition of tungsten from aqueous solution is
impossible. However, codeposition with one of the iron-
group metals does occur. The mechanism of the process
of electrodeposition of tungsten alloys is not well un-
derstood. It is believed that the codeposition consists of
both electrochemical and chemical steps. The chemical
steps, such as the reduction of tungsten compounds by
elemental hydrogen formed at negative potentials, must
accompany electrochemical processes and can depend
on the plating potential and the pH of the plating so-
lution. It usually makes the deposition process sensitive
to the pH of the bath solution. The strong dependence of
the rate of deposition on pH is shown in Fig. 1. It is

surprising that the composition of the alloys deposited is
practically constant for each type of alloy and, in the
examined range, is almost independent of pH. The
complexity of the mechanism of formation of amor-
phous deposits suggests that the alloys may contain
more elements than just tungsten and an iron-group
metal. It was proved by inductively coupled plasma
analysis of a Co-W layer that small amounts of boron
and phosphorus are present in the deposit. In four an-
alyzed samples, boron was found at the level of
0.7±1.3 at% and phosphorus in three of them at about
1 at%. Experiments performed several years ago indi-
cated that the deposition rate and quality of the alloy
layers strongly depended on the presence of boron and
phosphorus compounds in the plating bath solution [13].
Despite the fact that the amounts of phosphorus and
boron in the alloys are always small and do not exceed
1.5 at%, their presence signi®cantly improves the qual-
ity and mechanical properties of the alloys [12, 15].

Oxygen content in the deposits

A signi®cant problem is oxygen contained in electrode-
posited tungsten alloys. This fragmentary discussed issue
is still unresolved. Rauscher et al. [16] examined Ni-W
layers which were ®rst detached from stainless steel
substrates and then dissolved in boiling concentrated
hydrochloric acid. They found tungsten oxides in the
precipitate after dissolution of the samples. However,
the materials examined by Rauscher et al. were depos-
ited under di�erent conditions to those described in the
experimental section of this paper. To clarify the prob-
lem of oxygen content in the deposited layers we have
carried out a series of WDS and ESCA analyses. No
signi®cant amounts of oxygen in the Co-W and Ni-W
deposits were found by the WDS analysis. In these ex-
periments, oxygen was detected at a level of 1±3 at%.
The source of this small amount of oxygen was probably
the surface layer of the material, which is usually oxi-
dized by atmospheric oxygen. A more detailed and re-
liable study was done by carrying out a series of ESCA
measurements with samples of Co-W and Ni-W depos-
its. The results of the Co-W sample analysis were ob-
tained for the alloy composition W29Co71. Before
sputtering, the surface contained, in addition to W and
Co, also O, C, and even some amounts of Na and Si.
The ESCA spectrum and the result of the qualitative
composition analysis are shown in Fig. 2. The presence
of carbon and silicon is due to contamination by hy-
drocarbons/dust adsorbed from the atmosphere during
storage of the samples in air. It can be concluded from
the spectra that W and Co exist in both oxidized and
unoxidized forms in the surface region. For example, the
tungsten W 4f spectrum (Fig. 3A) consists of peaks for
both metallic and oxygen-bonded tungsten. The signals
of metallic tungsten can be found at about 31.5 eV and
33.5 eV. It is not possible to ®nd out whether these
signals correspond to a pure phase of tungsten or to

Fig. 1 Deposition rate and composition of Ni-W and Co-W alloys vs
pH
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tungsten in the tungsten-cobalt alloy. The oxide peaks
are placed at 36 eV and 38 eV, and these energies are
close to those expected for WO3. The Co spectrum
(Fig. 4A) also contains peaks corresponding to metallic
Co and CoO. These e�ects may occur when the surface
is covered with a thin oxide ®lm. The thickness of the
oxide ®lm has been estimated as approximately 50±60 AÊ .
A quantitative analysis of the results obtained for the
non sputtered sample gave a mean concentration of
oxygen in the surface layer of 61 at%.

Sputtering of the samples with argon for 75 s re-
moves most of the oxygen. A prolonged sputtering, up
to 195 s, leads to a further decrease of the oxygen con-
tent in the analyzed layer. The spectra presented in
Fig. 2B, 3B, and 4B indicate that the surface of the alloy
is oxygen-free. The depth of a 195-s sputtering cannot be
exactly determined; it can be estimated as 150±300 AÊ .
The oxygen traces seen in the spectra after sputtering
may be due to the e�ect of remaining oxide in the so-
called ``sputter shadow''. This is a geometrical e�ect
observed on rough surfaces. Taking this e�ect into ac-
count, the 2 at% of oxygen found on the surface of the
195-s sputtered sample can be neglected.

The results obtained for the Ni-W alloy samples were
similar to those for the Co-W alloy. About 1±5 at% of

oxygen were found in a sample of this alloy in WDS
analyses. The amount of oxygen detected in long-stored
(6 weeks or longer) samples was higher, which suggests
that the surface was the source of the oxygen signal
detected in the WDS spectra. An analysis of the surface
composition of the Ni-W alloy made by ESCA sup-
ported the suspicion about the presence of oxygen only
in a thin external layer of the alloy. Before sputtering the
surface was covered by tungsten and nickel oxides;
therefore an intensive oxygen O 1s signal was obtained
for the nonsputtered sample surface. This signal was not
seen for the long-time (at least 3 min) sputtered samples.
The changes which were observed in the nickel and
tungsten electron spectra proved that on the surface of
the alloy both elements exist in the oxide form. In the
case of the Ni-W alloy (Ni79W21), the content of oxygen
in the surface layer, determined for the nonsputtered
sample, was 57 at%. A slightly lower content of oxygen
in the Ni79W21 alloy compared to Co71W29 can be ex-
plained by a decrease of the amount of tungsten trioxide.
Also, in the case of Ni-W amorphous alloy, an estimated
thickness of the surface layer containing oxygen is in the
range of 200 AÊ . It means that the bulk material contains
no oxygen. The spectra shown in Fig. 5 and 6 indicate
that there are some changes in the oxidation state of

Fig. 2A, B Electron spectros-
copy for chemical analysis
(ESCA) spectra of analyzed
Co-W alloy. A sample before
sputtering; B after 195 s of
sputtering
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tungsten (W 4d electrons) and nickel (Ni 2p electrons)
present in the surface and the inner layers of the alloy
coverage. These changes a�ect the shape and peak po-
sition of the W 4d and Ni 2p electrons. The spectra in
Fig. 5A and 6A are typical for a mixture of WO3 and W,
and NiO and Ni, respectively. From the shape and rel-
ative intensity of the signals of oxidized and unoxidized
metals, the thickness of the surface oxides can be esti-
mated as 50±70 AÊ . Another argument that is in favor of
a small thickness of the oxide layer is the fact that it is
completely removed during 300 s of sputtering. The
spectra shown in Fig. 5B and 6B were recorded after
sputtering and contain W 4d and Ni 2p peaks typical for
pure, unoxidized metals. The ESCA results obtained for
the Ni-W amorphous alloy ®t well to the WDS results
obtained for this alloy.

Good agreement between the results obtained for the
Ni-W and Co-W alloys allows us to expect that the
Fe-W alloy, which is electrodeposited under similar
conditions, has no oxygen in the bulk.

A series of micrographs obtained by SEM and sup-
ported by an on-line EDS analysis helped to judge ®-
nally the presence of oxides in the amorphous deposits.
Since it is possible that oxides can be present in the

alloys deposited under the conditions di�erent from
those given in the experimental section of this work,
Fe-W alloy layers were deposited under optimum and
o�-optimum conditions. Figure 7 shows two represen-
tative micrographs. A rough surface with crystals on it,
shown in Fig. 7B, was obtained from deposition in a
bath at pH 5.5, which is a relatively low value for this
process. The current density was lower by half, which
helped to avoid the e�ect of a decreasing concentration
of hydrogen ions in the area next to the cathode surface.
EDS analysis performed at the spots containing a large
number of crystalline plates, as seen at the lower right
corner of Fig. 7B, indicated that the oxygen content is
above 50 at%. The same analysis of the surface fraction
without the plates, such as that shown in the middle of
the picture, indicated that the content of oxygen is very
low. The amount of oxygen detected in this place is
within the accuracy of the EDS method. Not surpris-
ingly, for the alloy sample deposited under the optimal
conditions (Fig. 7A), no oxides in the alloy were seen or
detected. The incorporation of oxide plates in the de-
posits is most intensive in the case of the Fe-W alloy, but
is also observed in the case of the Co-W and Ni-W al-
loys. An explanation of this phenomenon can be de-

Fig. 3A, B ESCA spectra of
tungsten 4f electrons (W 4f)
before (A) and after 195 s of
sputtering (B)
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duced from the comparison of the tungsten content in
the deposited alloys (Fig. 1). The formation of oxide
plates is more pronounced for the alloys with the highest
content of tungsten, which supports the idea that the
plates are built of tungsten oxides.

Composition of the alloys

The existence of peaks in the X-ray spectra of the
tungsten amorphous alloys indicates that the alloys are
not perfectly amorphous. The problem of some ordering
within the amorphous alloys has been discussed in the
literature [17±19]. It is rather improbable that the dis-
tances between the atoms and their orientation in the
alloys are completely random. The constant composi-
tion of the deposited alloys is also in favor of the exis-
tence of quasi-structures typical for each alloy studied.
Very probably, the X-ray di�ractograms re¯ect the
presence of some elements of the structure of the major
component of the alloy, e.g. the Ni-W alloy may have
elements of the nickel metallic structure, the Co-W alloy
may acquire locally some structure from cobalt, and the
Fe-W alloy from iron. To verify this hypothesis, an ex-
amination of the X-ray di�ractograms of all three kinds

of tungsten alloys was carried out. Figure 8 shows typ-
ical X-ray di�raction patterns. Two of them, which were
obtained for the Co-W and Ni-W alloys, exhibit almost
identical shapes. The third di�raction pattern slightly
di�ers from the other two and was obtained for the
Fe-W alloy. All three peaks obtained for the amorphous
materials are located close to the most intense lines of
crystalline nickel, cobalt, and iron, respectively. Table 1
presents the peak positions for crystalline, pure metals
and their amorphous alloys with tungsten. An apparent
increase in the lattice constants has been found. The
increase in lattice constants, calculated from the location
of the maximum of the di�raction peaks, is caused by an
increase in the mean inter-atom distances, which is a
result of implanting tungsten in the structures of nickel,
cobalt, and iron. The in¯uence of the tungsten content in
the amorphous alloys on the mean lattice constant is
shown in Table 2. There is a clear regularity: an increase
in the tungsten content in all the alloys leads to an in-
crease in mean interatom distances in the deposited
layers. This kind of change in the crystalline structures is
described by the Vegard rule, which says that the lattice
parameter of a constituted alloy is a linear combination
of the lattice parameters of the components. In the
crystalline state, for all three alloys, there is a strictly

Fig. 4A, B ESCA spectra of
cobalt 2p electrons (Co 2p) be-
fore (A) and after 195 s of
sputtering (B)
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linear dependence of the lattice constant of the major
component versus the content of tungsten in the alloy
[20]. Such an e�ect is typical for alloys which have an
internal structure of a solid solution based on the
structure of the major component.

The X-ray di�raction data may be interpreted in the
way that the tungsten alloys, obtained by electrodepo-
sition, have severely deformed structures of the major
component. However, there is a phenomenon that
should be addressed here: for each kind of alloy the
content of tungsten in the deposits is, in a wide range,
independent of both pH and concentration of the iron-
group metal in the bath. On the other hand, the
amounts of tungsten in the deposits are di�erent for the
Co, Ni, and Fe based alloys. An analysis of the phase
diagrams of the tungsten binary alloys [20±23] may
suggest that the compositions of tungsten-containing
amorphous alloys are close to those of the intermetallic
compounds which are formed between tungsten and the
codeposited metals. The most common and thermody-
namically stable compounds of tungsten and iron-
group metals are listed in Table 3. From the data
shown it is clearly seen that the compositions of the
electrodeposited alloys are determined by the compo-
sitions of the intermetallic compounds formed by iron-
group metals and tungsten. These compounds are
Ni4W, Co3W, and Fe2W for nickel, cobalt, and iron

alloys, respectively. For the constant current deposition
applied in this work, in every case the alloy composi-
tion is close to the compound containing the lowest
amount of tungsten.

Changes in the alloy structure caused by heating

In the hope of obtaining more information on the
problems mentioned above, an X-ray di�raction analy-
sis of the thermally crystallized alloys has been per-
formed. This study was limited to the Ni-W alloy.
Figures 9 and 10 present the di�raction patterns of the
thermally crystallized alloy. The changes in the alloy
surface morphology caused by the heating can be seen
using an optical microscope. The surface of the annealed
samples was dull and a delicate crystalline pattern ap-
peared. The color of the alloy surface changed to gray
and green, which is characteristic for a mixture of the
oxides of tungsten and nickel. As can be seen in Fig. 9,
the thermally induced changes in the internal structure
of the alloy, detectable by X-ray di�raction spectrosco-
py, start at a temperature higher than 200 °C. Figure 10
shows the changes in the internal structure of the alloy
subjected to heating at 400 °C. The patterns obtained
for the layers heated for 1 and 4 h are essentially the
same. The absence of new di�raction peaks proves that

Fig. 5A, B ESCA spectra of
tungsten 4d electrons (W 4d)
before (A) and after 300 s of
sputtering (B)
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the formation of new phases does not occur. It is pos-
sible that a structure similar to a solid solution of
tungsten in nickel [20] is formed under these conditions.
The structure of this material is identical to the cubic
structure of pure nickel. The lattice constant increases
proportionally to the tungsten content in the alloy.

An examination of the magnetic properties of the
heated Ni-W samples con®rms that the structural
changes in the alloy start at temperature slightly above
200 °C. However, the process proceeds slowly. The
magnetic analyses did not establish a well-de®ned tem-
perature limit, which is characteristic for a phase
transformation. Above 500 °C, the formation of new
structures is observed, but the crystallization process is
not completed after 2 h of heating at 650 °C. The group
of signals seen on di�ractogram E in Fig. 9 cannot be
easily matched with the crystallographic structures
known for tungsten, nickel, or their intermetallic com-
pounds. It is probable that longer heating of the sample
may lead to further transformation of the metastable
forms obtained and converts the alloys to thermody-
namically stable intermetallic compounds. It is known
that a very long period of annealing is necessary for
completing the transformation of alloys formed by
tungsten and iron-group metals into crystalline inter-

metallic compounds. The DG of formation of those
compounds is in the range of ±1 to ±5 kJ/mol [21±23].
The possibility of the formation of compounds between
the substrate and the deposited layers may additionally
complicate X-ray di�ractograms. To avoid such a
complication, either thick, over 20-mm, layers should be
examined or the deposit should be separated from the
substrate before heat treatment. This was not tried in the
frame of this work.

Summary

The results described above disprove the presence of
signi®cant amounts of oxygen in the alloys. Oxygen was
found in oxides in the surface layer only, and could be
removed quantitatively by sputtering the surface with
argon. The results obtained are not consistent with the
results obtained by Rauscher's et al. [16]. However, the
alloys examined in Rauscher's work were deposited from
a bath solution containing nickel at a level 10 times higher
than that of this work. This resulted in a slower depo-
sition of the material. The small deposition rate and the
intensive hydrogen evolution create conditions which
help to avoid inclusion of oxides in the metallic layers.

Fig. 6A, B ESCA spectra of
nickel 2p electrons (Ni 2p) be-
fore (A) and after 300 s of
sputtering (B)
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Fig. 7A, B Micrographs of the
surface of Fe-W amorphous
layers obtained under optimum
conditions (B) and in a bath at
pH 5.5 (A)

Table 1 Comparison of the lattice parameters of Fe, Co, and Ni and their amorphous alloys with tungsten

Fe(110) Fe-W Co(111) Co-W Ni(111) Ni-W W(110)

2H 52.47 50.1 52.83 51.6 52.20 51.1 47.15
d (AÊ ) 2.027 2.111 2.047 2.057 2.034 2.077 2.238

Table 2 In¯uence of tungsten content on mean inter-atom distance in Co-W, Ni-W, and Fe-W amorphous alloys

x : y Fex-Wy x : y Cox-Wy x : y Nix-Wy

2H max d (AÊ ) 2H max d (AÊ ) 2H max d (AÊ )

16 : 84 52.05 2.040 15 : 85 52.05 2.047 14 : 86 51.92 2.046
22 : 78 51.80 2.049 19 : 81 51.85 2.051 20 : 80 51.41 2.063
28 : 72 50.60 2.094 26 : 74 51.55 2.061 25 : 75 51.07 2.077
38 : 62 50.16 2.123 34 : 66 51.10 2.075 31 : 69 51.09 2.076
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Also, the fact that, in the alloys deposited by Rauscher
et al., tungsten oxides appeared only in one of three
analyzed samples may suggest that a WOx phase can be

deposited only under speci®c conditions, di�erent from
those existing in the plating process described in this
work. The conditions leading to the presence of oxides in
the Fe-W alloys were identi®ed in this paper as deposi-
tion in a bath of pH 5.5 or less.

The results of the X-ray di�raction analysis of elec-
trodeposited alloys suggest that the internal organiza-
tion of electrodeposited materials is similar to a solid
solution of tungsten in an iron-group metal. The very
weak internal organization of the tungsten alloys is
probably that of a highly deformed iron-group metal.
The constitution of an amorphous-like structure can be
promoted by parallel incorporation of tungsten into the
iron-group metal lattice and intensive hydrogen evolu-
tion. It is possible that the codeposition of hydrogen into
the metal layer promotes the formation of a glass
structure of the metal.

The glass structure of the alloys increases its internal
order during heat treatment at approximately 400 °C. At
this temperature the crystallization process is limited to
the homogeneous alloy structure of probably the solid
solution type. An increase in the heating temperature up
to 650 °C leads to consecutive crystallization of the alloy.
It is seen that at 650 °C the formation of a new phase

Fig. 8A±C X-ray di�ractograms obtained for Fe-W (A), Co-W (B),
and Ni-W (C). Alloys were electrodeposited from citrate baths on a
copper substrate

Table 3 Comparison of the composition of tungsten amorphous alloys and intermetallic compounds formed by tungsten with nickel,
cobalt, and iron

W and Ni W and Co W and Fe

Crystalline Amorphous Crystalline Amorphous Crystalline Amorphous

Ni4W Ni77W23 Co3W Co72W27 Fe2W Fe62W38

NiW Co7W6 Fe3W2

NiW2

Fig. 9A±E X-ray di�ractograms obtained for Ni-W alloy: as depos-
ited (A) and heated under vacuum for 2 h at 200 (B), 400 (C), 500 (D)
and 650 °C (E)

Fig. 10A±D X-ray di�ractograms obtained for Ni-W alloy as
deposited (A) and heated at 400 °C for 1 (B), 2 (C) and 4 h (D)
under vacuum
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occurs. It resembles the crystallization case for glasses ®rst
crystallized to a metastable phase being homogeneous
apart from local defects. Upon further heat treatment the
homogeneous phase disintegrates into a variety of crys-
talline forms. This model of the crystallization process is
typical for the solid-solution type metallic glasses [17±19].
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