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Effect of annealing on magnetic properties
and microstructure of electroless
nickel-copper—phosphorus alloy deposits
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The relationship between magnetic properties and microstructure of the as-deposited and
heat-treated Ni—Cu—P alloy deposits has been studied by means of vibrating sample
magnetometry, differential scanning calorimetry, X-ray diffractometry and hot-stage
transmission electron microscopy. The Ni—Cu-P deposits consist of low-P Ni-Cu solid solution
crystallites and high-P-low-Ni—-Cu amorphous phase. When the deposits are annealed at
elevated temperatures, the Ni-Cu crystallites grow rejecting P from themselves and absorbing
Cu from the neighbouring amorphous phase, while the P-rich amorphous phase transforms
into NizP, phase or into NizP, and Ni;P phases. The metastable NizP, phase finally
transforms into the stable Ni;P phase. The non-magnetism observed in Ni-Cu-P deposits
having a copper content above 28% in both as-deposited and annealed states, is attributed to
their Cu-rich Ni—Cu solid solution crystallites. Nickel phosphides which crystallize from the
amorphous phase existing mixed with the Ni—Cu crystallites in the as-deposited state, do not
affect the saturated magnetic moment of the deposits.

1. Introduction

Electroless Ni-P alloys have been extensively studied
by many authors [1-5] due to their excellent corro-
sion resistance, wear resistance, uniformity and non-
magnetic characteristics. However, the Ni-P alloys,
mostly in the amorphous phase, have rather poor
stability against heating, that is, they are easily crystal-
lized when heated, which makes the alloys lose their
non-magnetic characteristics. The non-magnetic
property is especially important when the alloys are
used for underlayers of magnetic recording discs. Re-
cently, electroless Ni—-Cu-P deposits showing excel-
lent non-magnetic characteristics against heating have
been developed [6-8]. Most studies on the Ni-Cu-P
alloys have been confined to plating process and
general properties. There have been no reports on the
microstructure and crystallization behaviour and as-
sociated magnetic properties of the electroless
Ni—Cu-P deposits having various compositions.

The purpose of this work was to study the micro-
structure, crystallization behaviour and associated
magnetic properties of the electroless Ni-Cu-P de-
posits having various compositions.

2. Experimental procedure

The electroless Ni-Cu—P altoy films were deposited on
a 5086 aluminium alloy sheet which had been pre-
plated. The preplating process included cleaning, ni-
tric acid and double zincating treatments. The bath
used to obtain the electroless deposits consisted
of 21.0-263 gdm™? NiSO,-6H,0, 0.0-6.3 gdm 3
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CuSO,-5H,0, 31.5 gdm™?* NaH,PO,-H,0, 58.8 g-
dm~? sodium citrate and 1.0 p.p.m. thiourea. The
ammonia solution was used to adjust the pH of the
bath to 9.0. The temperature of the bath was main-
tained at 80°C with a thermoregulator and agitated
by magnetic stirring.

The P and Cu content in the deposits were analysed
by the inductively coupled plasma (ICP) emission
spectrometry. The magnetic property of the 1cm
x 1 cm specimens (saturated magnetic moment, M,)
was measured at room temperature in a vibrating
sample magnetometer (VSM) with correction made
for the Al substrate. The crystallization temperature of
the deposits separated from the substrate was meas-
ured at heating rate of 10 K min~* by usinga ULVAC
DSC 7000M.

The separated deposits were also cut to 3 mm dia-
meter discs, both sides of which were thinned by
mechanical polishing and further thinned to a suitable
thickness for TEM by twin jet polishing. The electro-
lyte for twin jet polishing consisted of 10% perchloric
acid, 10% glycerol and 80% methanol cooled to 0°C.
In situ observation of the crystallization process of the
deposits was carried out up to 550°C using furnace-
type heating stage with a Jeol EM-SHH heating hol-
der and an EM-SHU?2 heater control unit.

Changes in structures of as-deposited and heat-
treated films were measured by the usual continuous
scanning X-ray diffraction method. However, the in-
terplanar spacing of {11 1} planes of the deposits was
measured by a step scanning method with a Cu target,
in which the step width was 0.05° and the counting
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time for one step was 100s. Heat treatment of the
deposits used in X-ray diffraction and M, analyses was
carried out isothermally in a salt bath for 2h at
temperatures from 250-450 °C with 50 °C intervals.

3. Results

3.1. Composition

The chemical composition and deposition rate of the
electroless Ni-Cu—P deposits obtained from various
plating baths are given in Table I. An increase in the
[Cu?*7]/[Ni?"] ratio in the plating bath resulted in a
deposit with higher Cu content and lower P content.
The deposition rate increased with increasing
[Cu?*7]/[Ni?*] ratio up to 0.25, beyond which the
deposition rate abruptly decreased and the plating
reaction stopped. The decreasing or cessation of the
plating reaction was attributed to the abrupt reduc-
tion of the catalytic nickel surface by codeposition of
Cu atoms on the deposit surface, because Cu is very
poor in catalytic activity in hypophosphite bath.

3.2. Magnetic properties

The saturated magnetic moments of heat-treated de-
posits are shown in Fig. 1. Deposits containing more
than about 28.5% Cu content showed stable non-
magnetic characteristics even after heating at 400 °C,
whereas lower Cu content deposits showed ferromag-
netism even after annealing at 300 °C.

3.3. Differential scanning calorimetry (DSC)

All samples but that containing no Cu exhibited more
than three reactions including a broad peak ranging
from 200-300°C as can be seen in the exothermic
peaks observed below 550°C in Fig. 2. The temper-
ature and height of the second peak increased and
decreased, respectively, with increasing Cu content.
The third peak temperatures were nearly constant
regardless of Cu content. The DSC results can be
explained with reference to the X-ray diffraction and
hot-stage TEM analysis results (Figs 3-5) as follows.
The first broad peak was caused by coarsening of the
pre-existing Ni—Cu solid solution and the second peak
could be attributed to transformation of amorphous
region into NisP, or NisP, and Ni;P phases. The
third peak could be ascribed to transformation of the
metastable NisP, phase into the stable Ni;P phase.

TABLE I Composition ‘and deposition rate of electroless
Ni—Cu-P deposits

[Cu?*J/[Ni**]  Composition (wt %) Deposition rate
(mole ratio) : {(um h™1)
Ni Cu P

0 89.0 0.0 11.0 10.0

0.05 73.7 15.9 10.4 10.2

0.11 62.7 28.5 8.8 13.0

0.18 48.8 44.5 75 13.3

0.25 46.0 50.3 5.7 15.0
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Figure | Saturated magnetic moment values of the electroless
Ni-Cu-P alloy deposits. Annealing was performed at the various
temperatures for 2h. (@) Ni-11P, (A) Ni-159Cu-104P, (O)
Ni-28.5Cu-8.8P, (V) Ni—44.5Cu-7.5P, ({J) Ni-50.3Cu-5.7P.
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Figure 2 DSC curves of the crystallization process for the electro-
less Ni-Cu-P alloy deposits.

3.4. X-ray diffraction (XRD) analyses

The X-ray diffraction patterns of deposits annealed at
various temperatures are shown in Fig. 3a—e. Consid-
ering the (111) peak position and peak width,
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the deposits containing high-Cu and low-P
[Ni—(44.5-50.3)Cu—(7.5-5.7)P] consisted of micro-
crystallites of Ni—Cu solid solution, whose crystal size
was estimated to be less than 10 nm from the Scherrer
formulae and had the [111] textures, whereas X-ray
diffraction patterns of as-deposited samples contain-
ing low-Cu and high-P [Ni—(0-28.5)Cu—(11-8.8)P]
appeared to indicate amorphous characteristics. The
X-ray diffraction pattern of deposits at 300 °C were
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Figure 3 XRD patterns of the Ni-Cu-P alloy deposits. Annealing
was performed at the various temperatures for 2 h. () Ni—Ch, ()
Ni;P, (O) Ni,P,. (a) Ni-11P, (b) Ni-15.9Cu-104P, ' (c) Ni-
28.5Cu -8.8P, (d) Ni-44.5Cu-7.5P, (e) Ni-50.3Cu-5.7P.

not very different from that of the as-deposited
sample, but the (111) peak position which shifted
towards a low diffraction angle at 400°C showed
simultaneous appearance of peaks of Ni;P, and Ni,P
phases. The X-ray diffraction pattern of the deposit
annealed at 450°C showed only the Ni-Cu solid
solution and Ni;P phase peaks, and the diffraction
peaks of NisP, were absent. The (1 11) peak position
of the Ni-Cu solid solution phase shifted further to a
lower diffraction angle in the diffraction pattern of the
samples annealed at 400 and 450 °C. Cu compounds,
such as Cu;P phase, were not found in all the samples.
The interplanar spacing of (1 1 1) planes obtained from
the (111) peak position and the grain size of the
Ni—Cu solid solution calculated from the Scherrer
formulae are given in Table II. The interplanar spac-
ing increased with increasing copper content and an-
nealing temperature.

3.5. TEM analysis

Fig. 4 shows transmission electron micrographs and
diffraction patterns of the Ni~50.3Cu-5.7P alloy films
at various heating stages. Under the as-deposited
condition, as shown in Fig. 4a—c, crystalline and
amorphous areas seem to coexist. The black spots in
Fig. 4a seem to be the crystailine region. The diffrac-
tion rings in Fig. 4b were indexed as (111), (200),
(220)and (31 1) planes of an fc ¢ Ni~Cu solid solution
and the diffuse haloes accompanied by the rings are
ascribed to the amorphous region. The dark-field
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Figure 3 continued

Figure 4 Transmission electron micrographs and electron diffrac-
tion patterns of the electroless Ni-50.3Cu-5.7P alloy deposits at
various heating stages. (a—) As-deposited; and heated at (d,e)
380°C, (f, g) 550°C; (c) is a dark-field image of (a).
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Figure 4 continued

Figure 5 Transmission electron micrographs and electron diffraction patterns of the electroless Ni-15.9Cu-10.4P alloy deposits at various
heating stages. (a, b) As-deposited; and heated at (c, d) 350°C, (e, f) 360 °C, (g) 380 °C, (h) 550°C.
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Figure 5 continued

TABLE II Interplanar spacing of (11 1) planes and grain size of the Ni—Cu solid solution crystallites in as-deposited and heat-treated films

Alloy Interplanar spacing (nm) of (11 1) plane Grain size (nm)

As-deposited 300°C 400°C As-deposited 300°C 400°C
Ni-11.0P 2 2 0.2034 1.32 143 6.13
Ni-15.9Cu-10.4P @ 2 0.2063 1.43 1.71 10.69
Ni-28.5Cu-8.8P 2 0.2063 0.2071 : 1.79 2.14 8.55
Ni—44.5Cu-7.5P 0.2062 0.2070 0.2078 2.86 342 10.69
Ni-50.3Cu-5.7P 0.2063 0.2071 0.2077 6.59 7.13 7.78

*The interplanar spacing of {111} planes was not determined due to its indistinct maximum intensity.

image in Fig. 4c with the objected aperture centred on
the (11 1) ring also confirmed that the crystalline part
was crystalline Ni-Cu solid solution whose grain size
was about 10-20 nm. The difference between the grain
size calculated from the X-ray diffraction line broad-
ening and the grain size observed from the transmis-
sion electron micrograph is thought to be due to
residual stresses developed in the specimens during
plating, which tend to broaden the diffraction line, and
hence the grain size is calculated to be finer than the
true size. From the results, it is concluded that as-
deposited Ni—50.3Cu-5.7P film consists of Ni—Cu
solid solution microcrystallites and amorphous phase.

On heating the Ni-50.3Cu-5.7P filmi at temper-
atures below 380 °C, the transmission electron micro-
graphs and diffraction pattern of the specimen did not
change, although the microcrystallites slightly coar-
sened. When heated to 380°C (Fig. 4d and e), the

2042

hexagonal diffraction pattern of NisP, was obtained,
indicating that the amorphous region transformed to
Ni;P, phase and the grain size of the nickel phosphide
crystals is large. Fig. 4f and g show the microstructure
and diffraction pattern of the film heated at 550°C.
The Ni—Cu solid solution crystallites coarsened to
large grains including twins and stacking faults. The
diffraction spots were only those of Ni; P phase and no
other phosphide phases were found in that stage.
Thus, it is concluded that NigP, phase had already
transformed into NizP phase.

Fig. 5 shows transmission electron micrographs and
diffraction patterns of the Ni-15.9Cu—-10.4P alloy film
in various heating stages. The dark-field image of as-
deposited films in Fig. 5a show very fine Ni-Cu solid
solution microcrystallites embedded in amorphous

matrix. The diffraction pattern (Fig. 5b) shows only

diffuse haloes indicating amorphous characteristics,



due to small quantities and very fine particle sizes of
the Ni—Cu solid solution crystallites. On heating the
film, the Ni-Cu solid solution crystallites slowly coar-
sened. At 350 °C, new crystallites, which were indexed
as Ni;P,, nucleated at the edge of the film and quickly
grew into the inner region including the pre-existing
Ni—Cu solid solution microcrystailites (Fig. 5¢ and d).
On further heating to 360 °C, Ni,; P crystaliites whose
microstructures differ from the former, appeared ran-
domly in the inner amorphous matrix (Fig. 5¢ and f)
and grew until they impinged on one another. The
microstructure shows spherulitic or dendritic mor-
phology. The spherulitic or dendritic growth resulted
in the rejection of the Cu and Ni atoms from the
crystallites into the amorphous area ahead of crystal-
lization front. Fig. 5g shows coexisting NisP, and
Ni,;P phases. On further heating to 380 °C, the NisP,
phase which nucleated at the edge of the film, trans-
formed into stable Ni;P phase. A dark-field image of
the film at 550°C (Fig. 5h) shows coarsened Ni—Cu
solid solution particles embedded in well-defined large
Ni;P grains. The Ni-50.3Cu-5.7P and Ni-P deposits
also showed the same structure as shown in Fig. 5h
when heated at 550 °C.

4. Discussion and conclusion
4.1. Magnetization
Non-magnetic amorphous Ni-P deposits turn into
ferromagnetic materials when they transform into
crystalline nickel and nickel phosphide, Ni;P and
NisP,. The saturated magnetic moment, M., of the
Ni—P deposits is mainly proportional to the quantity
of the crystalline Ni in them, because NijP phase
exhibits a temperature-independent Pauli paramag-
netism [9] and the NiP, phase is likely to be para-
magnetic due to its higher P content. In this study, the
Ni-11P amorphous deposits were magnetized at
300°C. This behaviour is ascribed to pure Ni pre-
cipitates embedded in the Ni,P phase which trans-
formed from the amorphous deposit. All the Ni-Cu-P
deposits also showed no ferromagnetism in the as-
deposited state regardless of their Cu and P contents
even when they were crystallized by heating in the case
of higher Cu content. '

These results suggest that the Cu content plays a
very important role in determining the saturated mag-

TABLE III Calculated saturated magnetic moments

netic moment. According to the band theory, mag-
netization decreases at -a rate proportional to the
valence of the solute in Ni-base alloys according to
Equation 1 [10]

o= (0572 = X)uy (1)

where (1, X and py are saturated magnetic moment per
atom of Ni—Cu solid solution, atomic fraction of Cu
and the Bohr magneton, respectively.

From Equation 1, 57 at % Cu (valence 1) is needed
to reduce the magnetic moment of Ni—Cu solid solu-
tion to zero. Assuming that there is no P solubility in
the crystalline Ni—Cu solid solution and all P in the
sample forms Ni;P, which might be the case for
annealed specimens, the saturated magnetic moment
of the specimens [ M ,mpi. €an be evaluated from

[Ms]sample [Ms]Ni—Cqui—Cu (2)

where [ M Ini—ce and fyi—ew are, respectively, satu-
rated magnetic moment (G) and volume fraction of the
Ni—Cu solid solution in a sample. [ M, Jy;_c, may be
expressed as

6084(0.572 — X)vn;

LM, Jnic 0.572[opi(1 — X) + v, X ]

3)

where the quantity 6084 and vy; are the M, value (G)
and atomic volume of pure Ni and X is the atomic
fraction of Cu in an Ni—Cu solid solution. The value of
X can be calculated from the measured interplanar
spacing of the (1 1 1) plane of the Ni-Cu solid solution
using Vegard’s law and from the measured Cu concen-
tration of the specimen. The densities of Ni, Cu and
Ni;P used to evaluate the volume fraction of Ni-Cu
solid solution and Ni;P were taken to be 8900, 8960
and 7823 kgm "3, respectively. The density of the
Ni—Cu solid solution was calculated from its atomic
volume which was evaluated using Vegard’s law. '
The calculated results are given in Table ITI. The
calculated saturated magnetic moment of samples
annealed at 300 and 400°C are in reasonably good
agreement with the measured data. However, the
calculated M, values for as-deposited samples
Ni-44.5Cu-7.5P and Ni-50.3Cu-5.7P, which are
more or less crystalline in character, are higher than
the measured values. This may be attributed to the
fact that the specimens might include some quantity of
amorphous phase and/or the Ni-Cu crystallites in

Annealing Alloy X Calculated sat. mag. Calculated vol. Calculated sat.

temp. mom. of Ni-Cu frac. of mag. mom. of

°C) crystal (G) Ni-Cu crystal® sample (G)

400 Ni-11.0P 0 608 0.240 146
Ni-15.9Cu-10.4P 0.537 358 0.277 99
Ni-28.5Cu-8.8P 0.685 0 0.380 0
Ni-44.5Cu-7.5P 0.815 0 0.465 0
Ni-50.3Cu-5.7P 0.796 0 0.595- 0

300 Ni—44.5Cu-7.5P 0.667 0 0.465 0
Ni-50.3Cu-5.7P 0.685 0 0.595 0

As-deposited Ni-44.5Cu-7.5P 0.519 543 0.465 252
Ni-$0.3Cu-5.7P 0.537 358 0.595 213

2 Measured atomic fraction of Cu.

® Calculated assuming that all P forms Ni,P and the deposits are mixture of Ni,;P and Ni-Cu solid solution crystallites when fully annealed.
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them might dissolve P to some degree. It is known
[11] that the 3 or 5 outer electrons of the P atom fill
the hole in the 3d band of Ni in Ni-P alloys. Assuming
that at least 1.0-2.0 at % P was dissolved in the Ni-Cu
solid solution crystallites, the measured M, values are
found to be reasonable. For a given chemical com-
position, the copper content, X, in Ni-Cu solid solu-
tions calculated based on X-ray diffraction reésults,
increased with increasing annealing temperature. This
result reflects the fact that P was dissolved in the
Ni—Cu crystallites and some Cu was included in the

- amorphous region in the as-deposited samples, and
the P dissolved in the crystallites was being rejected
and Cu in the amorphous region was diffusing into
crystallites during annealing. The slight increase in M,
values even in the high Cu crystalline specimens with
increasing annealing temperature also reflect the solu-
bility of P in the Ni-Cu crystallites in the as-deposited
samples.

4.2. Microstructure and crystallization

From the results of the VSM, DSC, X-ray diffraction
and TEM analyses, we can see that electroless
Ni—-Cu-P films consist of fcc¢ Ni—Cu solid solution

crystallites and a P-rich amorphous region. The .

microcrystalline grain size is determined by P content
rather than Cu content as in electroless low-P Ni-P
alloys [12]. As the P content of the deposits is in-
creased, the growth of the Ni—Cu crystallites becomes
difficult, and their grain size becomes finer. The crys-
tallites are Ni—Cu solid solutions dissolving a small
amount of P, as discussed in the previous sections:
The crystallization process of the Ni-Cu-P alloys
involves at least three stages: (1) pre-existing Ni—Cu
solid solution crystallites change into Cu-rich solid
solution crystallites by absorbing Cu from the sur-
rounding amorphous phase during coarsening; (2) the
Cu-depleted amorphous area crystallizes into NisP,
or into NisP, and Ni,;P; (3) the metastable NisP,
phase finally transforms into stable NiyP phase.
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Phase separation into Cu- and Ni-rich phases of
Ni—Cu solid solution appearing below 400°C in the
equilibrium phase diagram [13] were not found in this
study. If the phase separation occurred, the Ni-rich
solid solution would magnetize the deposits and the
X-ray diffraction peaks of that phase would appear
when annealed.
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