JOURNAL OF APPLIED ELECTROCHEMISTRY 18 (1988) 673-673

Electrochemical preparation of amorphous Fe-P alloys
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Optimum conditions have been established for the electrodeposition of amorphous Fe-P alloys from
sulphate electrolytes, containing complex-forming additives (glycine and oxalic acid) and sodium
hypophosphite. It was shown that the increase of pH, current density and glycine content in the
plating solution leads to a decrease of the amount of phosphorus in the Fe-P alloy. The cathodic
current yield decreases with the increase of glycine concentration in the electrolyte. Small amounts of
Cu** and Mn?" act as brighteners. Sodium hypophosphite exerts a depolarizing effect on the alloy
formation process. This effect is more pronounced at low hypophosphite concentrations and low
cathodic current densities (CCD). The measurement of the cathodic potential during the deposition
of the investigated alloy provides no evidence for a concentration change of phosphorus in the
electrodeposited layers. No qualitative alterations of the surface morphology of the amorphous
coatings studied have been established as the composition of the alloy and the plating conditions are

changed.

1. Introduction

Amorphous alloys are a relatively new material, offer-
ing a specific combination of properties and they have
attracted keen interest during the last two decades.

The electrochemical synthesis of these materials
appears to be highly competitive as compared with
other methods for their preparation. A characteris-
tic peculiarity of this method is the possibility of
changing the composition of the alloys within a broad
range and to select and control the required thickness
of the coating.

The most widely studied and used electrodeposited
amorphous alloys are the nickel-phosphorus group.
The number of electrolytes known to have been used
for the deposition of Fe-P amorphous alloys is small.
These alloys are deposited exclusively from acidic
electrolytes containing an iron salt (chloride, sulphate
or sulphamate), a hypophosphite of an alkaline metal,
as well as a buffer and complex-forming additives
{ammonium chloride, fluoride or sulphamate, L-
ascorbic acid, boric acid, etc.) [1-3].

The present paper is aimed at the determination of
the conditions for the deposition of uniform and
smooth amorphous Fe-P coatings and the effect exer-
ted by the different components in the electrolyte upon
the composition and some properties of the deposits.

The first step was to check whether an amorphous
alloy can be deposited from a rather simple iron
plating electrolyte by only adding the amorphism-
causing additive — phosphorus.

Kudryavtzev and Smirnova [4] have proposed gly-
cine as a buffer additive to the sulphuric acid-containing
iron plating electrolyte. Existing data provide evi-
dence that glycine acts as a complex-forming additive
in nickel and zinc plating electrolytes [5, 6]. The
proposed electrolyte also contains oxalic acid as a
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stabilizer of iron ions. The authors recommend keep-
ing the glycine concentration less than 15gl1™', in
order to retain high current yield. If this concentration
is surpassed, the quality of the iron deposits deteriora-
tes, becoming brittle and having substantial internal
stress.

2. Experimental details

The optimization of the conditions for amorphous
alloy plating and the determination of a convenient
electrolyte was carried out by setting up a plan accord-
ing to the complete factor experiment method [7]. A
linear model, described by an equation of the type

y = b() + blxl + b2X2 + b3X3 + b]le.xZ (1)

+ byXo Xy + byxyxy + by x XX

was accepted.

The design matrix was set according to a specific
scheme, so that during the experiment all possible
combinations can be achieved on two levels of the
factors. The upper level of each factor is designated as
(+1), while the lower is (—1).

The calculation of the regression coefficients was
carried out using

1 N

b= (L) @

where N is the number of experiments, y* is the

experimental value of the output parameter and % is

the coded value of the experimental factors x; at the
nth experiment.

The value and sign of each regressive coefficient

provide information about the contribution of a given

factor and the direction in which it affects the initial
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Table 1. Design matrix and experimental data

Exp. no. X, %, X5 X, X, X3 P content in the Structure Current yield
(Adm™?) (g 1) alloy (wt%) (%)
[ + + + 22 10 12 8.7 Am > Cr 69
2 — + + 1.6 10 12 10.3 Am 36
3 + - + 2.2 4 12 8.5 Am = Cr 54
4 - — + 1.6 4 12 15.5 Am 14
5 + + — 22 10 5 8.1 Cr > Am 92
6 - + - 1.6 10 5 14.6 Am 52
7 + — — 2.2 4 5 13.8 Am > Cr 72
8 - - — 1.6 4 5 16.9 Am 25

Am, amorphous; Cr, crystalline.

parameter, respectively. The statistical processing of
the results and the checking of the adequacy of the
regression equation were performed according to a
procedure, described in [7]. The finding of the x;
values, when y acquires extremuims within the limits of
the x; changes, was achieved by the Box-Wilson [8]
method.

The coatings were deposited in a 500 ml cell under
intensive stirring. ARMCO anodes were used and the
coatings were plated onto 4cm’ or 1cm?® copper or
platinum substrates. The content of P and Fe was
determined by microprobe analysis, while the struc-
ture of the coating was checked by X-ray diffraction
methods.

The polarization curves under galvanostatic condi-
tions were traced vs an SCE reference. The voltage-
time curves of the iron—phosphorus-coated cathodes
were registered on a chart recorder. Each polarization
curve was traced at least 3 times, each time using a
fresh electrolyte. The cathodic potential values at the
respective current density are the mean figures of the
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Fig. {. Diffractograms of iron and iron-phosphorus coatings with
different phosphorus content determined with K~Cu, radiation.

experimental runs at a maximum deviation of the
separate values of less than +20mV.

3. Results and discussion

The design matrix for a complete factor experiment
and empirical data are presented in Table 1. The dif-
fractograms characteristic of the deposited coatings
with various phosphorus contents and the corres-
ponding amorphous, crystal or mixed structures are
shown in Fig. 1.

The initial parameters for the complete factor experi-
ment were the phosphorus content in the coating (y,)
and current yield (p,), while the independent variables
were pH of the electrolyte (x,), cathodic current den-
sity (CCD) (x,) and glycine concentration in the solu-
tion (x;).

The rest of the factors were fixed at constant values
as follows: temperature of the electrolyte, 40°C;
FeSO, - 7TH,0, 200gl~!; NaH,PO,-H,0, 7gl™';
oxalic acid, 0.5g1™".

After eliminating several insignificant interactions,
the following regression equations were derived:

y, = 1205 — 2.27% — 1.62%, — 1.3%;,  (3)

y, = 51.99 + 20.04%, + 10.62%, — 8.5%, (4)

Equation 3 shows that the strongest effect upon
phosphorus content is exerted by the pH of the elec-
trolyte. The increase of pH, CCD and glycine content
in the solution led to a decrease of phosphorus in the
alloy. Equation 4 suggests that the increase of CCD
and the decrease of the acidity of the medium improve
the current yield, while high glycine content lowers the
current yield, probably as a result of the complex-
forming effect of glycine.

Each of the y, and y, values are the arithmetic
mean of three parallel measurements. ’

The control based on Fisher’s criterion [7] shows
that Equation 3 is adequate while Equation 4 is inade-
quate. The Box-Wilson method _ffers the possibility
of searching for an optimum even in the case of inade-
quacy of the regression equations. In our case, the
optimum conditions are those which simultaneously
meet the following requirements: the amount of P in
the coating must ensure amorphous structure and
cathodic current yield must be relatively high.



ELECTROCHEMICAL PREPARATION OF AMORPHOUS Fe-P ALLOYS 675

Table 2. Influence of hypophosphite concentration in the elecirolyte on the chemical composition of Fe—P alloys and their structure

oH CCD (Adm™?) NaH,PO,+ H,0 Phosphorus content in Structure
concentration (gl=") the coating (wt% )

2 5 1 7 Cr

2 7 3 13.6 Am

2 7 7 1 Am

1.8 10 10 12 Am

Optimization according to the Box—Wilson method
gave the following results: glycine, 8.5g1™!, pH, 2,
CCD, 7Adm™2.

The advantage of this electrolyte is the possibility of
depositing from it amorphous coatings at higher pH
values and lower hypophosphite concentration in the
electrolyte. Under these conditions, the latter is stable
with regard to pH, formation of precipitates and alloy
composition. The alloy coatings are uniform, smooth
and light-coloured. The complete factor experiment
does not use the sodium hypophosphite content as an
independent variable, in spite of literature data which
claim that is should be one of the major factors deter-
mining the phosphorus content in the alloy. Routine
preliminary experiments have shown that hypophos-
phite concentrations above 3 g1~ do not exert a sub-
stantial influence on the phosphorus content and the
structure of the alloy (Table 2).

We felt it necessary, however, to check accurately
the effect of hypophosphite on the alloy formation
process.

It can be seen in Fig. 2 that the addition of hypo-
phosphite to the electrolyte, regardless of concentra-
tfion or current density, exerts a depolarizing effect on
the alloy formation process as compared with the
glectrodeposition of pure iron. This effect, according
to the literature, is the sole result of the alloy forma-
tion [9-11]. In this case it may be expected that
depolarization will be enhanced as phosphorus con-
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Fig. 2. Polarization curves traced during the deposition of iron and
iron-phosphorus alloys from an electrolyte containing (gi~—'):
FeSO, - TH,0, 200, glycine, 8.5; oxalic acid, 0.5; and different
amounts of NaH,PO, - H,0; @, 0; 0, 1; 4, 5; x, 10; 0, 15. Elec-
trodeposition is carried out at 40°C at pH = 2,

tent in the alloy coating increases and, presumably,
the increase of hypophosphite in the electrolyte will
cause a similar effect.

It is significant that the most pronounced depolari-
zation effect (AE) is observed at low hypophosphite
concentrations (1gl™!) and current densities up to
6Adm~2. Within the other concentration range
(5-15g17') the polarization curves are confined to the
region contained by the broken curves (see Fig. 2). At
higher current densities (6 Adm~?) and 1gl~' hypo-
phosphite, the polarization curves remain within the
same area.

In order to clarify the effect exerted by hypophos-
phite upon the depolarizing effect, Fig. 3 shows the
changes of AE as a function of hypophosphite con-
centration at three of the most characteristic current
densities. It is noted that at low concentrations of
hypophosphite, as current density increases, AE
decreases abruptly. This effect is most pronounced
within the range 4-7 Adm™2. According to the com-
plete factor experiment data, higher current densities
give lower phosphorus content in the alloy. But if we
consider the change of AF as a function of hypophos-
phite concentration, it may be expected that at low cur-
rent densities and low NaH, PO, - H,O content in the
electrolyte (high AE), the amount of phosphorus in
the alloy will increase, while at high current densities
(7-9 A dm™?) the phosphorus content should remain
constant as hypophosphite concentration is changed
within the range 1-7gl™' (constant AE). Qur experi-
ments show that in coatings deposited at 1 g1™! hypo-
phosphite and current density 7Adm™? (AE =~
330mYV), the amount of incorporated phosphorus is
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Fig. 3. Depolarization effect AE vs NaH, PO, - H,O concentration
in the electrolyte, traced at current densities 4, 7 and 9 A dm 2,
Basic electrolyte and deposition conditions as in Fig. 2.
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Fig. 4. Polarization curves traced during the deposition of iron and
iron—phosphorus alloy. Curves 1 and 2 — in the absence of hypo-
phosphite; 17, 2" — 7g!1~! hypophosphite; 1, 1’ — 5g1~" glycine; 2,
2" — 10gl~! glycine. Basic electrolyte and deposition conditions as
in Fig. 2.

7wt% and the coating is crystalline, while at 7g1™"
hypophosphite (AE = 80mV) the amount is 11 wt%
and the alloy is amorphous (see Table 2).

Within the range 3-8 gl ! hypophosphite, a decrease
of the depolarization effect is generally observed as
current density increases, without alterations of the
AE values when hypophosphite concentration is
changed. The constant AE value at the given current
density suggests a constant phosphorus content in the
alloy. The identical P content data in Table 2, deter-
mined within this concentration range, confirm this
suggestion. The stable deposition of amorphous alloy
coatings is possible just within this concentration
range. At high hypophosphite content (15gl ') no
decrease of AE is observed as current density increases,
which is contradictory to data derived by the complete
factor experiment.

The depolarization effect of phosphorus is probably
related to the incorporation mechanism by which it is
included in the cathodic coating. This mechanism has
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been investigated by Vachidov [12] in the case of
amorphous nickel-phosphorus alloys.

We have no grounds to presume that this mechan-
ism is not also valid in our case. It is suggested that in
this case, in addition to the alloy formation process,
another phenomenon is present, which may be related
to adsorption and the mechanism by which phospho-
rus is separated from the hypophosphite ion.

Polarization curves were traced at different glycine
(Fig. 4) and ferrous sulphate concentrations (Fig. 5) in
the solution. It may be noted from Fig. 4 that the
polarization curves in the absence of hypophosphite,
and at two different glycine concentrations, are similar
and suggest that glycine does not affect the electro-
deposition of pure iron.

The polarization curves in the presence of hypo-
phosphite at various glycine contents differ substanti-
ally at low current densities. The depolarization effect
at low glycine concentrations is more pronounced,
which means that as glycine content increases, the
amount of phosphorus in the alloy decrease. This
result is confirmed by the complete factor analysis,
which states that this relationship is improbable,
since the effect of glycine becomes noticeable at low
cathodic current densities only. When the latter sur-
pass 7Adm~?, AE remains identical at different
glycine concentrations, i.e. it should exert no effect
upon the phosphorus content in the alloy coating.

Figure 5 (a and b) shows the polarization curves
traced at different ferrous sulphate content in the
electrolyte. When the amount of hypophosphite is
high (10gl™"), AE is not affected by cathodic current
density at both ferrous sulphate concentrations 150
and 280gl™', but its value is higher at low content
of FeSO, + 7H,0. This shows that at lower ferrous
sulphate concentrations, an amorphous alloy can also
be deposited at lower hypophosphite concentrations.
When hypophosphite and ferrous sulphate concentra-
tions are respectively 1 and 280g1™", the depolariza-
tion effect is more pronounced and clear-cut within a
broader current density range (Fig. 5b) as compared
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Fig. 5. Polarization curves traced during the deposition of iron and iron-phosphorus alloys from: (a) electrolyte containing (gl'):
FeSO, - 7TH, 0, 150; Na, SO, - 10H,0, 213; glycine, 8.5; oxalic acid, 0.5, hypophosphite: O, 0; O, 1; A, 10. Deposition conditions 40°C at
pH = 2; (b) electrolyte containing FeSO, - 7H,0, 280; glycine, 8.5; oxalic acid, 0.5; hypophosphite: 0, 0; 0, 1; 4, 10, Deposition conditions

40°Cat pH = 2.
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to AE in electrolytes containing the same amount of
hypophosphite, but only 150gl~" ferrous sulphate
(Fig. 5a). Thus low concentrations of FeSO, - TH,O
are recommended for the electrodeposition of amor-
phous iron-phosphorus alloys.

We already have mentioned that literature data
report the brightening effect of Cu** during the elec-
trodeposition of iron—phosphorus alloys. Under our
plating conditions, Cu’* also exerts a brightening
effect when added to the optimized electrolyte formu-
lation and, moreover, at concentrations of copper
sulphate less than those mentioned in the literature [3]
—0.2 instead of 1gl~'. In some cases Mn’*, intro-
duced into the electrolyte as manganese sulphate
(Bgl™), exerted an effect similar to that of copper
ions. It turned out that a combination of Cu’* and
Mn**, simultaneously present in the electrolyte, display
the maximum brightening effect. The atomic absorp-
tion analysis provided evidence that when the elec-
trolyte contains 0.2 gl~' copper sulphate, the coating
includes 0.7 wt% copper, while no manganese is detec-
ted. The electrodeposited coatings remain amorphous.
The electron micrographs of the surface clearly show
the smoothing effect of copper and manganese ions
(Fig. 6).

4. Conclusions
(1) Optimized conditions have been determined for

the preparation of amorphous Fe-P coatings by
plating from an electrolyte containing ferrous sul-

F . .
- + 45 o8

Fig. 6. Scanning electron micrographs of amorphous alloys Fe-P. (a) Fe, 86 wt%; P, 14wt%,; (b) Fe, 86 wt%; P, 13wt%; Cu, 0.7 wt%.

phate, sodium hypophosphite, glycine and oxalic
acid. It has been established that amorphous alloys
are deposited from this electrolyte at hypophosphite
content higher than 3gl™', pH less than 2.2 and
cathodic current density up to 10Adm™2. At pH
less than 1.6 current yield is very low. The advan-
tage of the electrolyte developed is that it offers the
possibility of depositing amorphous alloys at higher
pH values and less hypophosphite in the electrolyte.
Under these conditions the electrolyte is stable with
respect to pH and alloy composition, no precipitation
occurs and the coatings are uniform, smooth and
light-coloured.

(2) The addition of hypophosphite to the electrolyte
exerts a depolarizing effect on the pure iron deposition
process, most pronounced at low hypophosphite con-
centrations and low current densities.

(3) The complete factor experiment provides the
following information: (a) The phosphorus content in
the coating is affected most strongly by the pH of the
electrolyte. Increase in pH, current density and glycine
content in the electrolyte leads to a decrease of phos-
phorus in the alloy. (b) An increase in current density
and a decrease in the acidity of the electrolyte improve
the current yield, while high glycine content exerts a
reverse effect.

(4) Tt has been established that a brightening effect
during the electrodeposition of amorphous iron-
phosphorus coatings from the developed electrolyte
can be achieved by the addition of small quantities of
Cu’* and Mn**.



678 ST. VITKOVA, M. KJUCHUKOVA, G. RAICHEVSKI

References {71 N.Johuson and F. Leone, ‘Statistics and Experimental
Design’, John Wiley, New York (1977).
{81 Box and Wilson, J. Roy. Stat. Soc. Ser. B, 13 (1) (1951).

(1] J. Logan and M. Jung, J. Non-Cryst. Solids 21, (1976) IS1. 191 A “grenner, D. Couch and E. Williams, Plating 37 (1950)

2] V. Bondar and U. Polukarov, Elekirochem. 4 (1968) 1511. 36
[31 Patent FRG 2722946 (1977). 100 N. Fedot d P. Viachesl Tr. Leninerad. technol
[4] N. Kudryavtzev and T. Smirnova, Izv. VUZ SSSR Chim. i Loy N. ini‘tif’i;‘f Lomsovetu 83 (61592‘;;’”3’0' r. Leningrad. fecanot.
Chim. Technol. 6 (1?63)' . . [t1}  R. Vahidov, D. Markicheva, S. Pankova and G. Kirjakov,
[5] V. Bondar, V. Povitzki and E. Makarov, Fizika met. i Tr. Inst. Chim. AN Kaz. SSR 15 (1967) 45.
metaloved. 30 (1970) 1061. {12] R. Vahidov, Sb. Trudov Nauchnoi conf. po teorii procesov

[6] S. Berezina and L. Sharapova, Extended Abstracts of 37th

tzventnoj metalurgii, Alma-Ata (1973) p. 372.
Mecting ISE, Vilnius, USSR (1986) Vol. 2, p. 33. zventnoj metalurgii, Alma-Ata (1973) p



