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Thermal stability of electrodeposited Ni—P alloys
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Ni—P alloys were electrodeposited from phosphorous acid solutions in order to study their ther-
mostructural stability, thermal desorption, and dimensional modifications during heat treatments.
The quantity of phosphorus codeposited is not a linear function of the bath phosphorous acid
content. X-ray diffraction shows that three characteristic composition ranges can be defined. In the
first, corresponding to a Ni—P solid solution containing up to 9at% of phosphorus, the micro-
structural refining is attended by a disappearance of the (100) preferential orientation. Simulta-
neously with this textural change, a slight adsorption of hydrogen is observed. Beyond 9at% of
phosphorus, the microcrystallized alloys are preferentially oriented in the [111] direction, and the
gradual amorphization of Ni-P alloys is attended by adsorption of a very high volume of hydrogen.
Beyond 17 at% of phosphorus, the alloys are amorphous and the amount of hydrogen included
during the electrocrystallization is at its maximum. A large part of the hydrogen is desorbed before

the crystallization temperature and less of it is desorbed during the crystallization.

1. Introduction

Ni-P alloys are well known for their good corrosion
resistance and mechanical properties. It can be pro-
duced by electrodeposition, which also enables
electroforming of thick amorphous or microcrystal-
lized alloys. Although the metalloid codeposition
process is influenced by experimental conditions (pH,
temperature, additive, and current density) [1-4],
Ni—P electrodeposits are generally brittle. It may be
supposed that this brittleness is caused by atomic or
molecular hydrogen inclusions in the deposits [5]. The
atomic inclusion of nascent hydrogen H® would be
expected to be highly mobile and combine to form
molecular hydrogen (H»). In an earlier paper [6], we
added saccharin to Ni-P bath so to reduce the in-
ternal stresses of Ni—P deposits. But another method
would be to desorb hydrogen from the coating by heat
treatment at 100 °C for 1h. Zeller [7] showed that,
thermal desorption treatment decreases the ductility
of NiggPyo electrodeposits but a residual brittleness
persists, apparently caused by voids observed within
the deposit. In this paper, we correlate texture mod-
ifications of Ni-P coatings with phosphorus co-
deposition and hydrogen adsorption during amorphi-
zation. We use an analysis of the material thermal
stability to show the effects of heat treatment on
crystallization, desorption and dimensional modifi-
cations of alloys with various phosphorus contents.

2. Experimental conditions

Electrodeposited Ni—P alloys, about 40 um thick were
prepared from a phosphorous acid bath with nickel
sulfate and chloride (Table 1). Electroplating was
performed on etched flat copper substrate, in a plat-
ing cell with hydrodynamic flow parallel to the ca-
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thodic surface (Fig. 1). The anode was nickel sheet.
The current density was 10 A dm~2. After deposition,
the copper substrate was removed by selective dis-
solution in a trichloroacetic and ammonia solutions.

Chemical composition was determined by atomic
absorption spectrometry. Crystallite orientation was
determined by X-ray diffraction using the K, ray of
cobalt (4 =0.17902nm).

The thermal stability of the material was deter-
mined by differential thermal analysis (DTA) in a
nitrogen atmosphere with a 5°Cmin~! heating rate.
To characterize the thermostructural variations by X-
ray diffraction, each sample was heated in nitrogen
for one hour at a temperature determined from the
DTA curves. This analysis was complemented by
thermal expansion analysis (TEA) of the dimensional
stability during heat treament, in argon. For this
TEA, the samples were made of parallelepipedic
electroformed alloys and the heating rate was
5°Cmin"'. The thermodesorption of hydrogen was
conducted by thermodesorption analysis (TDA) us-
ing a gaseous chromatomatography device. The
heating rate was 10°C min~'.

3. Experimental results and discussion
3.1. Chemical composition

Electrodeposition of phosphorus from aqueous elec-
trolyte on a cathode surface is possible only when the
phosphorus is alloyed with another stable metal.
Figure 2 shows that the addition of phosphorous acid
to the bath makes it possible to codeposit phosphorus
with nickel. The mechanism responsible for this si-
multaneous codeposition of nickel and phosphorus is
poorly understood, but probably results from several
direct and indirect reactions [2].
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Table 1. Electrolyte composition and operating conditions

Component Content
Composition
NiSOy, 7H,0 210gdm™
NiCl,, 6H,0 60 gdm™
Na,SO, 50gdm™3
H;PO, 50 gdm™>
H;PO; 0to 25gdm™>
Sodium lauryl sulfate Imldm™
Conditions
Temperature 80°C
pH 2
Current density 10A dm™2
Agitation N,
Anode Nickel

@ S ™~ @

SR
—
— Nickel anode
Coatingon — |
copper substrate

[ Electrolyte

Heated water —»

Fig. 1. Electroplating cell.

It can be seen in Fig. 2 that the phosphorus con-
tent in the deposits is not a linear function of the
phosphorous acid concentration in the bath, but in-
creases in two stages, apparently corresponding to a
change in mechanism for codeposition of P with Ni
for phosphorous acid concentrations above 7 gdm ™.
Figure 2 also shows that increases in codeposited
phosphorus are attended by decreases in cathode
current efficiency. For small additions of H3POj3 in

the bath, we observe a strong increase in phosphorus
content, which may be explained by a decrease in
hydrogen surtension [8]. Beyond 5Sat% of P, a first
inflection appears in both curves, the current effi-
ciency decreasing slowly while the increase in phos-
phorus content is attenuated. Between 7 and
12.5gdm>of H3POj; in the bath, the codeposition of
phosphorus increases rapidly, reaching 17at%. In
this range, the current efficiency decreases from 0.75
to its minimum value of 0.60. From 12.5 to 25 gdm >
H;3PO3, the phosphorus content increases slowly to a
saturation value of 22 at %.

As shown by the X-ray diffraction data in Fig. 3,
inclusion of P in the Ni metal matrix significantly
influences the electrocrystallization process. Al-
though no crystallized nickel phosphide phase was
detected, broadening of the nickel diffraction peaks
with increasing phosphorus content indicates refining
of deposit microstructure, apparently induced by
phosphorus dissolved in a supersatured solid solution
of nickel [9, 10]. Also, as P is added to the deposit, the
(100) preferred orientation for the pure nickel de-
creases while the (11 1) increases slightly. This may be
associated with differences in the degree of adsorbed
hydrogen atoms on the (100) and (111) planes
[11,12]. Above 2at% phosphorus, the (1 11) texture
also decreases, the deposit becoming practically
amorphous at phosphorous concentrations greater
than about 14at%. With the progressive transition
from the microcrystallized to the amorphous state,
between 2 and 14 at% of phosphorus, a shift of the
(111) peak appears which can be attributed to a
strong decrease in the interreticular distance of the
(111) planes, as shown in Fig. 4. The widening of
diffraction peaks is characteristic of structural disor-
der, but it can also result from microstresses in
crystallites, while the shift of the (111) peak may
result from macrostresses induced by adsorption of
gaseous species. Since the variation of interreticular
distance corresponds to the rapid decrease in current
efficiency (Fig. 7), formation and inclusion of gaseous
species H® or H, might be involved as Zeller had
shown [7].
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Fig. 2. Variation of phosphorus content and current efficiency against H;PO5 content in bath.
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diffractometer using K, ray of Co (4 = 0.17902nm).

3.2. Thermal Stability

The metal-metalloid alloys are well known for their
thermodynamic metastability [13, 14], but we have
seen that, when electrodeposited, they may contain
gaseous species that can desorb during heat treatment
at elevated temperatures depending on the crystalli-
zation state. We have studied hydrogen thermode-
sorption during heat treatments of NiP alloys and
have correlated the results obtained with differential
thermal analysis and dilatometry results.

As can be seen in Fig. 5, the quantity of phos-
phorus in nickel solid solution modifies the slope of
the thermogram so that two types of curve appear
characteristic of the different processes occurring
during heat treatment. In the composition range
where the alloys are microcrystallized, there appears
only one exothermic peak which, from examination
of the X-ray diffraction patterns (Fig. 6), can be at-
tributed to the crystallization of nickel phosphide

0 5 10 15 20 25 30
H3PO 5 in bath/g dm-3

Fig. 4. Variation of the interreticular distance of (111) planes
against phosphorus content in alloys.
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Fig. 5. Thermograms of Ni-P electrodeposits obtained from dif-
ferential thermal analyses (DTA).

Ni;P from the nickel-phosphorus supersatured solid
solution. For the amorphous alloys, the thermograms
exhibit two exothermic peaks among whom the first
at lower temperature, might correspond to precipi-
tation of nickel phosphide phases increasingly richer
in P (e.g.: NizP, NisP,, and Ni,P) with increasing
phosphorus content in the deposits. The second
transformation, appearing around 400 °C, may cor-
respond to the coalescence of nickel phosphides and
formation of stable phases of pure nickel and NisP.
The decrease in temperature from 400 to 360 °C of
the crystallization onset with the phosphorus content
in deposits show, as reported earlier [13], that the
level of thermal instability of the nickel-phosphorus
supersatured solid solution increases with the deposit
metalloid content.

From thermal expansion analyses, an anomalous
expansion phenomenon was observed during heat
treatment of alloys containing more than 9at% of
phosphorus (Fig. 7). It is well known that disordered
solid solutions, like microcrystallized or amorphous
Ni—P alloys, have a lower density than crystallized
alloys with the same chemical composition [15], and
the amorphous-crystallized transition is attended by a
thermal contraction phenomenon [16]. In the case of
microcrystallized or amorphous electrodeposited
Ni—P alloys we have also observed (Fig. 8) that the
amplitude of the phenomenon increases with the
phosphorus content in the deposits. The increase in
contraction amplitude and the decrease in the con-
traction onset temperature confirm the increase in
metastability of these alloys when the phosphorus
content is increased beyond 9 at %.
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Fig. 6. X-ray diffraction patterns of annealed Ni-P electrodeposits:
(a) 9.1at%,; (b) 17.9at%; (c) 22 at% of phosphorus.

The thermodesorption curves reported on Fig.9
show that the crystallization phenomena of elec-
trodeposited amorphous alloys during heat treatment
is not the only cause of densification. In fact, hy-
drogen desorption appears to occur in two steps. The
first, from 100 to 300 °C, apparently corresponds to
the hydrogen desorbed from the Ni-P solid solution
without structural modification. The second, beyond
350°C, appears during crystallization of nickel
phosphides Nis;P. The desorption begins at 100 °C for
each alloy, but we observed more than once that
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Fig. 8. Variation of contraction amplitude characteristic to the
anomalous thermal expansion of Ni-P against the phosphorus
content in deposits.

these alloys can be separated into two composition
ranges according to their thermodesorption curves.
Figure 10 reports the variation of hydrogen desorbed
as a function of the phosphorus content in the de-
posits. For the (10 0)-oriented microcrystallized al-
loys containing less than 9at% phosphorus, the
quantity of hydrogen desorbed is very low but in-
creases with P content until the (200) peak disap-
pears (Fig. 2). From deposits containing more than
9at% of phosphorus, the hydrogen desorbed during
the first desorption increases rapidly from 20 cm? g~!
to 80cm?®g~! as the phosphorus content increases
from 9 to 17at%. These results are in good agree-
ment with the decrease in current efficiency and the
increase in lattice distortion described above, and
confirm the high hydrogen content in this family of
deposits. Since the first hydrogen desorption occurs
at temperatures below the crystallization tempera-
ture, the thermal contraction phenomenon appearing
during heat treatment of alloys containing more than
9at% phosphorus cannot be attributed solely to
crystallization of denser phases during the amor-
phous-crystalline transition.

4. Conclusion

Under given experimental conditions, increased
phosphorus codeposition resulting from increased
H3;PO;3 concentration in the bath, apparently pro-
duces a change in the nickel electrodeposition mech-
anism. Up to 7gdm_3 H;PO; in the bath,
microstructural refinement is attended by a change in
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Fig. 7. Thermal expansion behaviour of NigsPi¢ electrodeposits.
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Fig. 10. Variation of hydrogen desorbed from Ni-P electrodeposits
against phosphorus content.

crystallographic orientation of grains, from (100) to
(111). Along this change of texture, we observe slight
adsorption of hydrogen. Above 9 at % phosphorus in
the deposit, the microcrystallized alloys gradually
lose the (111) texture and become amorphous, and
adsorb large volumes of hydrogen. Thermodesorp-
tion analysis show that most hydrogen desorption
occurs before the crystallization temperature, and
that a lesser quantity is desorbed during the crystal-
lization.
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