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Abstract

Pyrophosphate plating bath was found to be a good alternative to citrate bath for deposition of Ni–Mo amorphous alloys. The ad-
dition of wetting agents such as 2-butyne-1,4-diol and rokafenol N-10 to the pyrophosphate bath resulted in the removal of bumps,
spheres and cracks from the Ni–Mo alloy surface. The plated alloy layers adhered well to Cu–Zn brass and steel, were of thickness
f ncrease in
t % and to
a ent in the al-
l ore at.%
o ntrary to
t lar to the
s
©

K

1

u
c
t
n
u
r
t
o
o
p

alytic
high
Mo
stry-
ys
ogen
g of
gas

Met-
easy
per-
loys,

etal-
g

ed.
loys

0
d

rom a fraction to tens of micrometers and the molybdenum content was independent of the distance from the support. An i
he concentration of the molybdate ion in the bath leads to an increase in the amount of Mo in the alloys up to 33–35 at.

decrease in the deposition rate. These changes and the influence of pH are discussed in the paper. The atom arrangem
oys changes from (2 2 0) preferred for pure-nickel deposition to (1 1 1) for content of Mo higher than 15 at.%. For 20 and m
f Mo the structure of the alloy is amorphous like. An analysis of SEM and STM micrographs obtained indicates that co

he Ni–W alloy the “amorphous” phase is made of circa 10–50 nm in diameter objects and not by long needles perpendicu
ubstrate.
2004 Elsevier Ltd. All rights reserved.
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. Introduction

Nickel–molybdenum alloys are of interest due to their
seful properties. They are resistant to corrosion (also in the
orrosion media containing Cl− ions) and wear, exhibit low
hermal-expansion coefficients, are known of premium hard-
ess and premium catalytic properties, and some of them have
nusually soft magnetic characteristics[1–7]. Regarding the
esistance to corrosion, the alloy films probably cannot be
oo thin to be effectively resistant. The large catalytic activity
f Ni–Mo alloys comes not only from the significant content
f nickel, a main component, but also from the unique amor-
hous internal structure of the alloy. The presence of molyb-
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denum in these materials apparently increases their cat
activity and improves their mechanical properties. The
electrochemical activity and relatively low cost of the Ni–
alloys make them widely used in modern electrochemi
related industry [3–5]. Applications of the Ni–W allo
include their use as electrodes to promote the hydr
evolution [3–5] and as catalysts in the hydro processin
aromatic oils [6] and hydrogenation of benzene in the
phase [7].

Ni–Mo alloys can be prepared using several methods.
allurgical methods are not very convenient because of
oxidation at the crystallisation step and high melting tem
ature of molybdenum. To prepare the molybdenum al
other advanced processing methods such as powder m
lurgy and mechanical alloying[8,9], spark plasma sinterin
[10], laser cladding[11] and electrodeposition are us
Mechanical alloying offers an opportunity to prepare al
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of various structural and chemical factors that are important
for their final catalytic properties [8]. The electrodeposition
approach to the production of the Ni–W alloys has also
some apparent advantages, i.e. nanocrystalline/amorphous
materials can be obtained and there is a possibility to control
the grain size of the alloys from several to hundreds of
nanometers. In addition, thin layers of the alloys can be plated
on a surface of any shape and there is no post-processing
requirement.

For the electrodeposition of the amorphous molybdenum
alloys with the iron-group metals the citrate–ammonia baths
are used in most of the cases[12–16]. However, if the content
of Mo does not exceed 12–13 at.%, the deposits obtained in
the citrate ammonia bath consist of just one crystallographic
phase, i.e. the solid solution of Mo in nickel [13,14]. Then
the structure of the alloy is polycrystalline. When the con-
tent of Mo increases up to 18 at.%, the initial indications of
the formation of the amorphous/nanostructured phase arise.
The alloys become really amorphous/nanostructured when
the content of Mo exceeds 22–25 at.%. The electrodeposi-
tion of such a high-molybdenum-content alloys from the
citrate–ammonia solution is possible, however, the very-high-
molybdenum-content alloys (63 or 38 at.% of Mo), indepen-
dently of the alloy deposition rate, exhibit cracks and small
pits which diminishes their practical importance [15].
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2. Experimental procedure

All of the alloys where deposited using an EG&G PARC
galvanostat/potentiostat model 173A. The electrodepositions
were done in a special plating cell, with two symmetrically
placed anodic compartments, separated from the cathodic
chamber with glass frits. Two inert, passivated titanium elec-
trodes (TiO2/RuO2) were used as the anodes. The area of
each anode was circa 10 cm2. Polished Cu–Zn brass and steel
plates and silicon wafers with vapour deposited Cu (Kocour,
Chicago, and Plating Test Cell Supply Company, Cleveland,
OH) had the working area of 2 cm2 and were used as the sub-
strates for the deposits. However, all the results shown in the
figures, except forFig. 5, were obtained with brass substrates.
Just before plating the substrate was degreased and slightly
etched and activated with dilute sulfuric acid.

Polarization experiments were done with the three-
electrode system using a type PI-50-1.1 potentio-
stat/galvanostat, Russia, connected with a PR-8 function
generator. A platinum sheet served as the counter electrode
and a SCE was the reference electrode. The top of a copper
rod of the working area equal to 0.125 cm2 was used as the
working electrode. Before each experiment the surface of
the electrode was coated with either Ni or Ni–Mo in the
examined solution for 30 min. The ohmic drop was evaluated
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The nickel alloys can be also deposited from other b
he pyrophosphate bath has been employed for the elec
osition of nickel[17], and nickel alloys with Cu[18], Fe[19]
nd Sn[20]. A possibility of electrodeposition of the Ni–M
lloys from pyrophosphate bath was mentioned some
go by Stasov and Pasechnik[21] and recently by Jovic e
l. [22]. The composition proposed in Ref.[21] enables th
eposition of the alloys under reasonable current effici
t room temperature with Mo content up to 40 wt.%.
eposits are well adhered to the copper and steel subs
lso, the content of Mo in the alloys does not depend
tantially on temperature in the range 20–40◦C. The Ni–Mo
lloys electrodeposited by pulse current[22] might contain
p to 41 at.% of Mo. A current-efficiency drop below 1
ccompanied that high content. Moreover, the morpho
f the deposits was particularly sensitive to the co-evolu
f hydrogen, and most of the deposits exhibited a dens
f bumps and cracks.

The aim of this work was to modify the pyrophosph
ath so that thin layers of Ni–Mo alloys of good appeara

ntegrity and smoothness could be obtained. Such sm
ayers are advantageous from e.g. trybological point of v
he above aim has been achieved by adding 2-butyne-1,
nd rokafenol N-10 (polyoxyethylene–phenol class noni
etergent) to the bath, which compounds were used suc

ully in the electrodeposition of tungsten alloys[23–25]. The
yrophosphate bath should be more resistive to degrad
oxidation) compared to citrates. The influence of various
ors on the current efficiency, the deposition rate, the mo
enum content and the structure of the alloys have bee
mined.
.

-

n separate experiments by switching the galvanostatic
ff after 30 s of electrolysis and measuring the resu
otential drop with the use of an oscilloscope.

The solution with the main components at
oncentrations such as those reported for the
rodeposition of molybdenum alloys by Stasov
asechnik [21] was the starting point in this wo
tasov’s solution is called theinitial solution through-
ut this paper and its composition can be w

en as: Na4P2O7·10H2O—160 g dm−3, NH4Cl—20 g dm−3,
iSO4·7H2O—40g dm−3 and Na2MoO4·2H2O. The sug
ested pH value for theinitial solution is 8.5. pH of the fina
olutions was adjusted by adding appropriate amounts o
mmonium solution. In the course of the work theinitial solu-
ionwas changed by adding 2-butyne-1,4-diol—50 mg d−3

nd rokafenol N-10 (nonionic detergent)—100�l dm−3, and
y varying the concentration of Na2MoO4 in the bath. All so

utions were prepared using deionized water produced
anoPure Milli-Q purification system, Millipore. The allo
ere deposited at 20◦C.
Compositions of the deposits were examined usin

oentec, model M1, EDX analyzer (Germany) integr
ith a LEO, model 435 VP, scanning electron microsc

SEM). The mean from the multiple EDX composition da
he weight of the alloy layer and the assumption that six
wo electrons are used in the reduction of the Mo and Ni i
espectively, allowed the calculation of the current efficie
he deposition rates have been calculated from the diffe

n the weight of the substrates after and before depositi
A NanoScope scanning tunneling microscope (STM)

sed to observe the alloy surfaces and to estimate
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smoothness. In the STM study, the tunneling current was set
in the range up to 1 nA and the bias voltage up to 300 mV.
The scanning rate was varied from 0.9 to 2.0 Hz. The STM
data obtained were further computer processed to create 3D
images and to perform a roughness analysis.

The structure of the deposits was determined by the X-
ray diffraction method using a DRON-1 instrument equipped
with a Fe X-ray tube (K�: λ = 1.9373Å).

3. Results and discussions

3.1. Influence of electrodeposition conditions on
composition and deposition rates of Ni–Mo alloys

The Ni–Mo alloys electrodeposited from the bath corre-
sponding to theinitial solution are rather rough due to the
presence of many micro-sphere fragments on the surface.
The introduction of the brightening and wetting agents into
the baths makes the surface much smoother and eliminates
the cracks in the alloy layer. The bumps and spheres virtu-
ally disappear from the surface. This is illustrated inFig. 1A
and B. The edges of the covered support plates (not shown in
Fig. 1) are also reasonably smooth and well defined. The ad-
ditives used together lower the surface tension, adsorb on the
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Fig. 1. SEM images of Ni–Mo alloy (84:16 at.%) deposits on iron covered
with Zn–Cu brass layers obtained withj = 30 mA cm−2 from solutions. (A)
Initial solutionwith 4 g dm−3 of Na2MoO4·2H2O, as proposed in [21]. (B)
Initial solution(as is A) containing also 2-butyne-1,4-diol (50 mg dm−3) and
rokafenol (100�l dm−3).

Fig. 2. Influence of Na2MoO4 concentration in the bath on Mo content in
Ni–Mo alloys (1, 2; left axis) and on deposition rate of alloys (1′, 2′; right
axis). Baths composition: 1′, 2′—that ofinitial solution; 1, 2—initial solution
with 2-butyne-1,4-diol (50 mg dm−3) and rokafenol (100�l dm−3). Current
density: 30 mA cm−2. The arrows indicate corresponding ordinate axis.
lloy surface, decrease the hydrogen evolution at a give
ontent, keep the seed size small and apparently help to
he deposition rate at similar level throughout the surfac

The dependencies of the molybdenum content and th
osition rate versus Na2MoO4 concentration for the solution
ith and without 2-butyne-1,4-diol and rokafenol are sho

n Fig. 2. Apparently, the amount of Mo in the alloys
reases up to 33–35 at.% with increasing the concentr
f the molybdate ion in the bath. This increase is accom
ied by a decrease in the deposition rate. The decrease
eposition rate (expressed in mg h−1 cm−2) is a result of the
ecrease in the current efficiency from 50–57% to 2–10%
.5; j = 30 mA cm−2). The primary cause of these change
n enhancement in the catalytic properties of nickel tow

he evolution of hydrogen, which takes place after ad
olybdenum to nickel. Furthermore, for a fixed concen

ion of the molybdate ions in the solution, the content of
n the alloys is smaller by up to 7% when the depositio
arried out in the presence of the brightening and we
gents.

The deposition rate is very low at low current densi
pplied while the Mo content in the formed Ni–Mo all
xceeds 30 at.%. This is illustrated inFig. 3. In this case

.e. at the potentials corresponding to low current dens
olybdenum is deposited preferentially [21]. Since the

hange current density for the hydrogen evolution for Ni–
lloys in the alkaline solutions is relatively high and
each the values up to 11 mA cm−2 [26], the hydrogen evo
ution becomes the major electrode process. Therefore
lloy deposition rate decreases. With an increase in cu
ensity, the cathode potential becomes more negative
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Fig. 3. Effect of current density on Mo content in Ni–Mo alloys (1, left axis,
filled circles) and on current efficiency (2, right axis, open circles). Bath
composition:initial solutioncontaining also 6 g dm−3 of Na2MoO4·2H2O,
2-butyne-1,4-diol (50 mg dm−3) and rokafenol (100�l dm−3).

electroreduction of Ni(II) accelerates and the contents of
molybdenum in the alloys decreases. This causes an increase
in the overvoltage for the hydrogen evolution and correspond-
ingly an increase in the deposition rate.

pH influences the Mo content in the alloys and the depo-
sition rate. Some examples are presented inTable 1. As it
follows from these data, the content of Mo increases with de-
creasing pH in the range 8.5–10, while the deposition rate and
the current efficiency decrease. The increase of pH above 10
neither affects substantially the deposition rate nor the current
efficiency.

The relation between the contents of Mo and pH is strik-
ingly similar to the dependence of the partial percentage
fractions of Ni pyrophosphate species and the Ni–ammonia
complexes on pH. These percentage fractions have been cal-
culated using the available formation constants for all py-
rophosphate and ammonia complexes, and are plotted versus
pH in Fig. 4. In the pH range from 8.5 to 10 a substantial
drop in the fraction of the Ni–pyrophosphate complexes and
an increase in the fraction of the Ni–ammonia complexes
take place. The absolutely dominating species in the bath is
NiP2O7

2− and, within the ammonia complexes, Ni(NH3)4
2+

and Ni(NH3)3
2+. It is very probable that by analogy to the de-

position of Ni–W alloys in the citrate bath[27,28], for which
the importance of a bimetallic complex [(Ni(WO4)Cit)(H)]2−
i spate
b os-
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Fig. 4. Calculated percentage fractions of all ammonia (A) and pyrophos-
phate (B) nickel complexes in total Ni(II) plotted as functions of pH. Solution
composition: 0.36 M Na4P2O7 + 0.14 M NiSO4 + 0.374 M NH4Cl.

phate is the key intermediate species. For the deposition of
the Ni–Mo alloys in the citrate bath it has also been sug-
gested that the electroreduction of MoO4

2− to Mo proceeds
in several steps, one of which is the formation of an intermedi-
ate species, probably MoO2 [29,30]or (NiCitMoO2H3)ads

−
[15].

The pH effect on the deposition rate and the Mo content in
the alloys is not easy to explain either. This is just because the
electrodeposition is accomplished by several conjugated and
pH-dependent reactions. After taking into account the forma-
tion of various Ni(II) complexes in the pyrophosphate baths,
the Nernst potentials for both Ni and Mo couples can be esti-
mated as circa−0.6 V. So, as it can be seen from the polariza-
tion curves presented inFig. 5, the electrodeposition of both
Ni and Ni–Mo alloy occurs under kinetic control (with some
overpotential). A similar effect was also observed during the

F on
c iol
( -
t

n the deposition process has been shown, in the pyropho
ath, a bimetallic complex of Ni, molybdate and pyroph

able 1
o contents, deposition rate and current efficiency for Ni–Mo

oys deposited at various pH frominitial solution containing addition
lly 12 g dm−3 of Na2MoO4·2H2O, 2-butyne-1,4-diol (50 mg dm−3) and
okafenol (100�l dm−3), j = 30 mA cm−2

H Contents of
Mo (at.%)

Deposition rate
(mg h−1 cm−2)

Current
efficiency (%)

.5 29.7 9.1 16.5

.0 22.1 15.6 32.7

.75 19.7 14.4 31.5
ig. 5. Galvanostatic polarization curves for Ni (1) and Ni–Mo alloy
opper (2) electrodes in theinitial solutioncontaining also 2-butyne-1,4-d
50 mg dm−3), rokafenol (100�l dm−3), and Na2MoO4·2H2O at concentra
ion 0 g dm−3 (1) and 10 g dm−3 (2) (pH 8.5).
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Table 2
Mo content at various distances from the substrate

Distance from substrate Mo content (at.%)

Sample 1 Sample 2

15–25�m, top of layer 12.9± 0.5 23.3± 1.1
1�m 13.2± 0.5 –
Close to substrate 10.7± 0.7 24.0± 0.7

Alloy deposited at current density of 30 mA cm−2 from initial solu-
tion containing 2-butyne-1,4-diol (50 mg dm−3), rokafenol (100�l dm−3)
and Na2MoO4·2H2O at concentration 4 g dm−3 (sample 1, pH 9.23) and
9 g dm−3 (sample 2, pH 8.75).

Ni–Mo electrodeposition from the citrate–ammonium baths
[13]. Apparently, the hydrogen evolution process is faster at
the Ni–Mo alloy compared to that at the Ni electrode. An
increase in pH results in decreasing the current related to the
hydrogen evolution and, correspondingly, in increasing the
alloy deposition rate.

The Mo content in the alloy was determined at several
points on the surface of the fracture cross-section. Three lo-
cations are selected forTable 2: (a) the position as close as
possible to the copper substrate; (b) that at the distance of
circa 1�m from the substrate; (c) on the top of the deposit.
As it follows from the data presented inTable 2, the content
of Mo in the alloys is almost uniform and independent of the
film thickness. A small decrease (not shown in the table) in
the Mo content from 23.3 to 21.8 at.% is obtained at the sub-
strate edges (the thickness of the films examined was circa
40�m). This decrease is rather caused by the increase in the
current density at the edges (diffusional edge effect).

F at.%
o

The deposited Ni–Mo alloys adhere well to copper-, brass-
and iron substrates. The deposits can be folded without ev-
ident peeling. Only some cracks may appear in the folding
area. This is illustrated inFig. 6.

3.2. X-ray diffraction and SEM analysis

A brief analysis of the X-ray diffractograms of the elec-
trodeposits obtained from the plating pyrophosphate bath
leads to a conclusion that an addition of molybdenum to the
deposit changes its texture. The atom arrangement changes
from (2 2 0) preferred for pure-nickel deposits to (1 1 1) for
the alloys containing 15 and more at.% of Mo.Fig. 7presents
selected diffraction spectra obtained for the deposits plated
from the pyrophosphate bath. The structure of the elec-
trodeposited Ni–Mo alloy becomes amorphous-like (the ap-
propriate widening of the diffraction peaks appears) when
the amount of molybdenum exceeds 20 at.%. Characteristic
changes in the patterns of the fracture cross-sections obtained
for various deposits are shown inFig. 8. Apparently, the struc-
ture of the deposits transforms from that typically columnar

Fig. 7. X-ray diffractograms obtained for Ni and Ni–Mo alloys plated from
pyrophosphate baths. Mo content: 6.9 at.% (A), 15.6 at.% (B), 21.7 at.% (C)
and 23.9 at.% (D). Current density: 30 mA cm−2.
ig. 6. SEM micrograph of a folded sheet coated by Ni–Mo alloy (13
f Mo). Thickness of deposit: circa 15�m. Current density: 30 mA cm−2.
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Fig. 8. SEM images of fracture cross-sections of thin (several�m) layers of Ni and various Ni–Mo alloys deposited from pyrophosphate bath. Current density:
30 mA cm−2: (A) Ni; (B) Ni–Mo alloy with 6.23 at.% of Mo; (C) Ni–Mo alloy with 23.89 at.% of Mo.

observed for pure Ni to a uniform-like for the deposits with
a high Mo content. The most pronounced irregularities in the
fracture cross-section structure, seen as multilayer fracture,
start at the Mo content of 6–8 at.%. This is probably related
to the beginning of the transformation of the deposit texture
from (2 0 0) to (1 1 1). The deposits with Mo content higher
than 15 at.% have an almost uniform appearance of their frac-
ture cross-sections. However, it is possible to observe slight
irregularities in their structure along the direction perpen-
dicular to the substrate. Namely, the first circa 5�m of the
alloy layer (those located next to the substrate) give cracks
slightly irregular, while the rest of the layer brakes very uni-
formly. This difference in the morphology of the deposit can
be caused by the changes in the orientation of the nanocrystals
in the internal and the external layers or by the transformation
of the deposits from nanocrystalline to glass-alike structure.
Interestingly, the above differences in the morphology of the
cross-brakes do not result in significant changes in the X-ray
diffraction patterns.

The diffractograms obtained for both 7 and 30�m thick
deposits exhibit the shapes typical for the nanostructured de-
posits and contain one broad peak placed in the same 2θ posi-

tion. The mean crystal sizes determined from the peak width
using the Scherrer equation modified by Warren and Biscoe
are 93 and 113̊A for the 7 and 30�m deposits, respectively.
It suggests that the changes in the fracture cross-section pat-
terns seen inFig. 8are caused by the reasons independent of
the nanocrystal size.

Some changes in the crystal grain size can be observed for
the deposits with various Mo content: the lower the molyb-
denum content the larger are the crystals. The calculated
grain sizes for the alloys of various Mo content are shown
in Table 3. It is clear that with increase in molybdenum con-
tent the Ni–Mo alloy changes its structure from micro- to
nanocrystalline. The change in the 2θ value for the signal
placed in the position corresponding to the Ni (1 1 1) plane
(2θ = 56.88◦, referred to Fe K�) gives additional information
regarding the deposited alloys. The changes in thed(1 1 1)
distance plotted versus molybdenum content in the alloy are
shown inFig. 9. This distance increases linearly in the range
of Mo content up to 15 at.%. Such a phenomenon is typical
for the formation of solid solution of two mixed metals. At
the Mo content of 16–20 at.%d reaches a maximum and then
starts to decrease. This may be related to the formation of
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Table 3
Estimated grain size andd(1 1 1) distance obtained for Ni and Ni–Mo de-
posits plated from the pyrophosphate bath

Mo
content
(at.%)

Estimated grain
size (Å)

(1 1 1) maximal
intensity 2θ

d(1 1 1) (Å)

0 415 56.84 2.0353
6.9 313 56.44 2.0485
8.5 280 56.24 2.0552

15.6 304 55.88 2.0673
19 168 55.92 2.0660
21.4 113 56.04 2.0619
21.7 94 56.04 2.0619
23.9 77 55.90 2.0667
24.8 61 56.20 2.0565

either nanocrystals of pure Mo that cannot be dissolved in Ni
or of disturbed structure of known intermetallic Ni4Mo com-
pound. Another evidence for the transformation phenomenon
is the parallel decrease in the estimated crystal size observed
in the same region of Mo content.

When the Mo content exceeds 20 at.% the alloy looks
smoother in its fracture cross-section images and gives wide
X-ray diffractograms, which proves that the deposit is more
uniform, probably nanostructured. The results obtained in
this work agree well with the theoretical calculations done by
Zhang et al.[31], who have determined, by using the molec-
ular dynamics simulation, that the glass forming range of the
Ni–Mo binary system starts at 21 at.% of Mo in Ni.

As we have found, similarly to the increase in the molyb-
denum content, the codeposition of phosphorus (reduction of
hypophosphates) with nickel and molybdenum results in a
nanostructured material. For example, an addition of 8 at.%
of phosphorus to the Ni–Mo alloy of 6:1 ratio decreases the
grain size from 300 to 45̊A. The addition of phosphorus leads
also to significant smoothing of the fracture cross-section
structure of the layers.

F in-
i is a
p

3.3. STM examination

The surface roughness of the Ni–Mo alloys was examined
by STM. The growing Ni–Mo alloy forms a fine structure
already at the early stages. When the thickness of the film
increases, the surface becomes more uniform and smoother,
and the characteristic pattern of the substrate is eliminated.
This can be seen inFig. 10A and B. When the Mo content
in the alloys does not exceed 25–30 at.% and the thickness
of the film is in the range from 0.25 to 12�m, the smallest
roughness of electrodeposited Ni–Mo alloys is 1–3 nm (on
a 5�m × 5�m area scanned). The thin, perpendicular to
the surface, crystallites have the thickness of circa 10–50 nm,
however, their length is limited. This conclusion can be drawn
after comparing the STM image inFig. 10B with the SEM
micrograph of the fracture cross section given inFig. 8C.
Apparently, the long, nanometer thick needles seen in the
amorphous/nanocrystalline Ni–W alloys[32] are not formed
in the Ni–Mo alloy.

Fig. 10. STM surface images of: brass substrate (A), and Ni–Mo alloy
(16 at.% Mo) electrodeposited frominitial solution containing 4 g dm−3 of
Na2MoO4·2H2O, 1,4-butyndiol (50 mg dm−3) and rokafenol (100�l dm−3)
at current density of 30 mA cm−2 (B). Thickness of coating: circa
12�m.
ig. 9. Changes in meand(1 1 1) distance in Ni–Mo alloy deposits conta
ng increasing amount of Mo in nickel. Points are experimental, line
olynomial cubic function fitted to the points.
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4. Conclusions

Similarly to the deposition of Ni–W alloys from the citrate
bath, the addition of wetting agents such as 2-butyne-1,4-diol
and rokafenol N-10 to the pyrophosphate bath resulted in the
removal of bumps, spheres and cracks from the Ni–Mo alloy
surface.

On the other hand, there is no similarity between the fi-
brous, nanocrystalline structure of the Ni–W alloys, where
the needles grow perpendicular to the support surface, and
the structure of the Ni–Mo amorphous alloys. For the Ni–Mo
system, the nanocrystallites are rather oval. The amor-
phous/nanocrystalline structure appears for the deposits of
Mo content higher than circa 20 at.%. In addition, at that con-
tent of Mo, the transformation of the solid solution of Mo in
Ni into either the deformed structure of Ni4Mo or a mixture
of the saturated Ni–Mo solid solution with nanostructured Ni
takes place.
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