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Abstract A lot of amorphous alloy deposits in the binary
(Ni, Co, Cu)—(P, B) alloy systems fabricated by electroless
plating (EP) have been reported up to date. But no one
reported their theoretical modeling of the amorphous for-
mation and calculated their concentration range of amor-
phous formation (RAF). Using Miedema model and
subregular model scheme, the RAFs for the six EP (Ni, Co,
Cu)-(P, B) alloys and three Ni—Cu, Ni—-Co and Co—Cu
alloys have been calculated systematically for the first
time. The calculated results are in agreement with experi-
mental observations. Experiments and calculations for the
RAFs in the latter three alloy systems reveal that not any
RAF formed except crystalline states. The huge difference
between the six metal-metalloid alloys and three metal—
metal alloys in RAF has been discussed in detail in the

paper.
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Introduction

Just after discovering the electroless plating (EP) Ni-P
alloy deposits by Brenner and Riddell [1], Gutzeit and
Mapp [2] measured the composition and structure of
‘Kanigen’ coating by X-ray and electron diffraction. They
found that Kanigen coatings have the structure of an
amorphous, solid substance with liquid-like disorder of the
atoms. Up to date, a lot of EP amorphous alloy deposits and
their concentration ranges including binary, ternary and
quaternary alloy coatings have been reported. Table 1 lists
the experimental data of the range of amorphous formation
(RAF) for the most important nine EP binary Ni-P, Ni-B,
Co-P, Co-B, Cu-P, Cu-B, Ni—Cu, Ni—Co and Co—Cu alloy
systems, which will be analyzed and theoretically modeled
in this paper. Several features can be found from this
measured data list, but they will be illustrated in the below
text.

It is well known that comparing to its crystalline phase
counterpart an amorphous alloy prepared by any one
method can have specific superior properties. Therefore, if
the RAF in an alloy system is large, then every alloy in the
RAF must be in the amorphous state, and the properties of
the alloy system definitely have advantages. That is to say,
it is also very important to study the RAF in the EP. This
may be because people paid much attention to measure the
RAF in EP. The data in Table 1 just illustrate some of them
which will be considered in the paper.

The problem is that nearly 70 years after discovering the
EP Ni-P alloy deposits by Brenner and Riddell, almost no
one reported the theoretical model and calculations of the
RAF in EP alloy deposits up to date. This situation is
somewhat strange because people have been measuring a
lot of the RAF in EP alloy coatings. In addition, as
described in the above paragraph, either from the
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Table 1 Composition, structure and formation range of amorphous phases for nine EP alloy deposits [3-21]

No. Experimental data Calculated results
Alloys Parameters Data RAF, at.% Refs. RAF, at.% Refs.

1 Ni-P Composition P, at.% 30.8 26.5 15.8 14.2 10.8 26.5-30.8 P [3] 18-88 Present
Structure A A C C C

2 Ni-P Composition P, at.%  20.8 13.3 6.4 20.8 P [4]
Structure A A+ C C

3 Ni-P Composition P, at.% 22.5 12 6.2 225P [5]
Structure A Micro C

4 Ni-P Composition P, at.% 12 20 20 P [6]
Structure C A matrix

5 Ni-P Composition P, at.% 4.0 6.9 13.8 13.8 P [7]
Structure C C A

6 Ni-P Composition P, at.%  21.5 18.4 12.3 [8]
Structure C, nm 52 7.8 17

7 Ni-P Composition P, at.% 8.03 12.53 23.09 27.42 28.71  12.53-28.71 P  [9]
Structure C A A A A

8 Ni-B Composition B, at. % 19.6 24.7 27.1 24.7-27.1 B [10] 10-90 Present
Structure C A A

9 Ni-B Composition B, at.% 31 41 42 41 B [11]
Structure C A A

10 Ni-B  Composition B, at% 5.5 7.9 12.9 17.1 17.1 B [12]
Structure C Micro C ~ Micro C A

11 Ni-B Composition B, at.% 2.26 21 25 25B [13]
Structure C C A

12 Ni-B Composition B, at.% 14.4 24.1 26.6 26.6 B [14]
Structure C Micro C + A A

13 Co-P Composition P, at.% ~10 10-12 >12 about 12 P [15] 20-90 Present
Structure C Part A Total A

14  Co-P  Composition P, at.% 14.6 15.1 15.9 16.5 17.1 16.5-17.1 P [16]
Structure C C C A A

15 Co-B  Composition B, at.% 2.26 22 25.8 25.8 B [13] 24-68 Present
Structure C C A

16 Co-B Composition B, at.% 5.1 518B [17]
Structure A

17 Cu-P  Composition P, wt.% 1.55 (Cu 79.11, others are: Fe, O and C in the coating) [18] 20-86 Present
Structure C

18 Cu-B  Composition B, at.%  No one measured the amorphous formation and RAF in the EP Cu-B 10-91 Present
Structure system

19 Cu-Ni Composition Ni, wt.% 28-37.8 [19] No RAF Present
Structure C

20 Ni-Co Composition Ni, at.% 0-100 [20] No RAF Present
Structure C (fcc or hep)

21  Ni-Co Composition Ni, at.% ~40-60 [21]
Structure C

22 Co—Cu Composition Cu, at.% No one measured the amorphous formation and RAF in the EP Co—Cu No RAF Present
Structure system

C crystalline state, A amorphous state
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theoretical view point or from the practice application, the
description and calculation for the formation range of EP
amorphous alloys are very important. So, one may say with
a little pity that there is a theoretical gap for the theoretical
calculation of formation range of such amorphous alloy
systems.

The reason for this problem is somewhat strange as said
above, it is because the situation is different with that in the
conventional amorphous alloys prepared by melt quench-
ing (MQ) and mechanical alloying (MA) methods. Perhaps
the number of the manufactured conventional amorphous
alloy systems is more in quantity, but the studies of the
RAF in such alloy systems are also not few. For example,
Johnson’s group in 2003 [22] used the magnitude of atomic
size ratio of 0.60 < 4 < 0.95 to predict the RAF of Cu
binary and ternary alloys from the melt. Kim et al. [23]
proposed a new thermodynamic calculation scheme to
estimate the composition dependency of glass forming
ability in multicomponent alloy systems. Rao et al. [24]
predicted the best glass forming composition identified by
drawing iso-Gibbs energy change contours by representing
quinary systems as pseudo-ternary ones. Sun et al. [25]
calculated the RAF in AlI-Ni—RE (Ce, La, Y) ternary alloys
and their sub-binaries based on Miedema’s model. Das
et al. [26] also used the Miedema model-based methodol-
ogy to predict amorphous-forming composition range in
ternary systems of MA Al-Ni-Ti alloys.

It is obvious that a great deal of attention has been
drawn to investigate the RAF of amorphous alloy systems
manufactured by MQ and/or MA techniques. However,
nearly no one reported the theoretical model and calcula-
tions of the RAF in EP alloy deposits up to date.

That is why we calculate systematically the RAF of EP
alloy systems listed in Table 1 for the first time, and dis-
cuss the obtained results in detail in the paper.

Theoretical model

Using the scheme to calculate the RAF with the Miedema
model for the heat of mixing of binary alloys proposed by
Miedema and co-workers [27], our group in 2002 [9] cal-
culated the RAF of EP Ni-P alloy deposits. The key of the
scheme for estimating the RAF is to compare the free
energies of the crystalline and amorphous phases. Because
the entropy contribution to the free energy is very small at
the room temperature of 300 K the driving force for amor-
phization comes mainly from the enthalpy contribution. We,
therefore, just calculated the enthalpy-composition plots
instead of the free energy-composition plots in this study.
The enthalpies of solid solution can be represented as [28]

AHsp = AHSp + AHS; + AH) (1)

where the superscripts ¢, e and s correspond to the chem-
ical, elastic and structure contributions to the enthalpy of
solid solution, respectively. It is obvious that crystalline
pure elements were chosen to be the standard state and
their enthalpies were assigned to be zero in the calcula-
tions, hence providing the representation of Eq. (1). The
equation of the chemical interaction contribution to the
enthalpy of a solid solution derived and used by Miedema
belongs to the regular model (Eq. (2.25) in [29]). However,
we used the subregular model for calculating the mixing
enthalpies [30]:

AHS, = xaxp(xaAHp;, + XpAHY, ) (2)

where x4 and xp are the contents of compositions A and B,
respectively. AHginB is the enthalpy of solution of one
element A in other element B at an infinite dilution for a
binary alloy system, which can be calculated from the
Miedema model [29]. Correspondingly AHY, , is for ele-
ment B in element A.

The elastic contribution to the enthalpy arises from the
difference in atomic volume between the solute and the
solvent. Similarly, it can be presented as

AH}p = xaxp(xaAHpin + xpAH05) (3)

where AHS, ; is the size-mismatch contribution to the
enthalpy of solution in a binary system. The Friedel for-
malism [31] is given by

o 247EBA,UBRARB(RA — RB)2

AHS, = 4
AB 3BsRp + 41i5R4 “)

where B, is the bulk modulus of the solute, and up the
shear modulus of the solvent, for which their values have
been tabulated by Gschneidner [32]. R4 and Ry are the radii
of the solute and solvent, respectively.

AHj}; in Eq. (1) is a structural contribution to the
enthalpy of the alloys taking into account the difference
between the valences and the crystal structure of the solute
and solvent. The latter is expected to have only a minor
effect when compared with the elastic energy contribution
[33]. Further, it is difficult to calculate the structure con-
tribution. Therefore, this term will not be considered in the
calculation, as a first approximation.

As for the enthalpy of amorphous alloy, there are no
contributions from the elastic and structural terms, so that
its enthalpy of formation can be written as

AH}, = AH}; + AHY + AH (5)

where AH/, is the enthalpy of the amorphous pure element
i. According to van der Kolk et al. [34], it is given by
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AH', = oT,,; (6)

where o = 3.5/mol K, and T,,,; is the melting temperature
of element i. AHyj is the chemical contribution to the
enthalpy of the amorphous alloy. Considering the short-
range order observed in the amorphous phases [35], it is

given by

a,c C S .5 2
AHp = AHjp[1 + 5(x3x3)7] (7)
where
2/3
PR /G (8)
XA Vj/’; + Xxp Vlg/%
xp=1-1 (9)

in which x; is the surface concentration of element i, where
V; is the volume of the element i.

Calculated results and discussions

Before describing the theoretical results of RAF in binary
EP alloys, a problem left in “Theoretical model’’, i.e., the
features from the measured data will be discussed first. One
of the features is that many groups measured the RAF for
one alloy system, e.g., seven groups measured the RAF in
EP Ni-P alloys. However, only one paper for the EP Cu—P
and Ni—Cu alloys has been published to date. In addition,
no other reporters of RAF can be found for the EP Cu-B
and Co—Cu alloy systems.

The second feature is that the data of the RAF of binary
EP amorphous alloys measured from various author groups
are not the same, but usually are different. For example, the
lower limitation of P for Ni—P in Nos. 5 and 7 in Table 1 is
13—-14 at.%, but that in No. 1 is 26.5 at.%; those of B for
Ni-B in Nos. 10 and 9 are 17.1 and 41 at.%, and those of B
for Co-B in Nos. 16 and 15 are 5.1 and 25.8 at.%,
respectively. The reasons are that the preparation tech-
niques of samples are difficult, not the same; moreover, the
measurement error is difficult to avoid from different
authors.

The third feature is that there is only the lower limita-
tion, but no upper limitation for the RAF of EP binary
amorphous alloys. Most of the measured data for the RAF
of EP binary amorphous alloys are containing one TM (Ni,
Co or Cu) and one metalloid (P or B). P and B are the easy
formation amorphous elements, and the more the content of
P or B in the deposits, the easier to form amorphous phase.
Once the deposits became full amorphous state, adding
more content of P or B in the deposits cannot turn them
into crystal but still maintains their amorphous phase.
Therefore, no upper limitation of metalloid in such binary
amorphous deposits can be reached. In fact, the EP binary
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amorphous deposits, e.g., Ni-P with very high content of P
(>80 at.%) have not been reported to date because of the
experimental difficulty.

The last feature is that though many experimental data
for the RAF of binary EP amorphous alloys have been
reported as shown in Table 1, the explanations to the
experimental data nearly cannot be found in the literature.
That is why we present this study.

The enthalpy-composition diagrams have been calcu-
lated for all nine binary Ni-P, Ni-B, Co-P, Co-B, Cu-P,
Cu-B, Ni—Cu, Ni—Co and Co—Cu alloy systems to predict
the range of amorphous formation, as shown in Figs. 1, 2, 3
and 4. The RAF of every EP alloy system is summarized in
Table 1 too.

Theoretical calculations show that the RAF of the six
binary EP (Ni, Co, Cu)-(P, B) alloys is 18-88, 10-90,
20-90, 24-68, 20-86 and 10-91 at.% P or B, respectively.
The experimental data are all included in the calculated
RAF. It can be seen that the predicted lower limitation of
RAF from the theoretical calculation is P 18 at.%, which is
generally in agreement with the most of the measured
results. But others are not so in agreement with the
experimental results. This is easy to understand. Firstly, it
is well known that the enthalpies calculated from the
Miedema model cause some errors, as Miedema himself
accepted [29]. This part of the error comes from the elec-
tronic reactions between atoms, usually the error range
between the calculated and experimental values of
enthalpies is about 10-20 % [36, 37], so it is the important
part in the errors. On the other hand, the elastic term of
enthalpy is calculated using the Friedel formalism obtained
from the theory of elasticity. It is expected that this term
will cause some errors in the calculations of enthalpy.
However, it estimated a rather small impact to the enthalpy
corresponding to that from the Miedema model [36]. Fur-
thermore, the neglect of the structure term in the enthalpy
and the effect of temperature on the enthalpy would also
produce some errors on the calculations, for which the
effect to the enthalpy is also rather small. All of these will
make the calculated enthalpies somewhat different from
the practical values for the alloys. In addition, considering
the dispersion of experimental data by various groups as
shown in Table 1, we can say that the theoretically pre-
dicted RAF is pretty good in agreement with the experi-
mental results.

Theoretical calculation also indicates that the upper
limitation of RAF for these six binary EP (Ni, Co, Cu)—(P,
B) alloys is very high, around 90 at.% of metalloid ele-
ments. In addition, the measured upper limitation of RAF is
less than that from the calculated results. The three reasons
have been mentioned in the discussion.

No one has measured the amorphous formation and
RAF in the EP Cu-B system until now, so no experimental
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Fig. 3 Formation range of amorphous alloys Cu—P and Cu-B prepared by electroless plating

data can be compared with the calculated results. Soheila
et al. [18] in 2011 reported the EP Cu-P alloys, and they
only obtained a crystalline Cu-P coating with 1.55 wt.% P
(Cu 79.11 wt.%, others are: Fe, O and C in the coating). It
is obvious that this crystalline alloy locates outside the
calculated RAF of EP Cu-P. This author in 2014 [38]
published another similar paper on EP Cu—P coating, still
no other compositions in the coating can be found in that
paper. Either EP Cu-P or Cu-B alloy coatings are needed

to further measure the RAFs to further confirm that if the
present calculations are really effective in these two EP
alloy systems.

As for the Ni—Cu, Ni—Co and Co—Cu alloy systems, the
calculations show that no amorphous alloys can be formed
because all the AH curves of amorphous phases are wholly
above those of crystalline states. In these three systems,
Ni—Cu and Ni—Co alloy systems have been studied by EP
[19-21]. Nawafune et al. found that the structure of EP Ni—

Y
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Cu coatings is crystalline for the compositions of Ni in
28-37.8 wt.%, which is in agreement with the calculated
results. Yagi et al. [20] and Kim et al. [21] studied the EP
Ni—Co systems, respectively. The composition of the EP
coatings ranges from ~40 to 60 at.% Ni by Yagi et al., and
all of the coatings in the range are crystalline phases. Kim
et al. prepared the EP Ni—Co coatings covering the whole
composition range from 0 to 100 at.% Ni, with all crys-
talline state structures (fcc or hcp). It is obvious that the
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calculations are completely in agreement with the mea-
sured data.

Of these three alloy systems, only for the Co—Cu system
no paper on its EP investigation has been found to date.
But, there are few studies on the system using electrode-
position. The experimental data show no RAF but only
crystalline phases can be obtained. For example, Gomez
et al. [39] prepared Co—Cu alloy thin films using elec-
trodeposition method. Their results indicated that the
composition of 12-30 wt.% Co in the coatings, and a solid
solution in a fcc-like structure is formed in the electrode-
position conditions, although TEM analysis showed the
random distribution of nanometric dense particles of cobalt
distributed within the deposits. Almasi Kashia et al. [40]
also investigated the Cu content of electrodeposited Co—Cu
alloy nanowire arrays fabricated by ac pulse electrodepo-
sition. The Co content of the nanowire arrays is in a wide
range from 7 to 53 wt.%. They also found that the fabri-
cated Co—Cu nanowires with mixed phase of hcp Co, fcc
Cu and fcc Co—Cu crystal phase. From the Co—Cu equi-
librium phase diagram [41], it can be seen that Co and Cu
present immiscibility and do not form any intermetallic
compound, which revealed that there is a very limited
interaction between the constituents Co and Cu of the
metallic alloy Co—Cu coatings. Why the interaction
between the constituents Co and Cu in the Co—Cu alloy is
not strong? Firstly, the electron factors of these two con-
stituents Co and Cu are not very different but rather sim-
ilar. Secondly, the radius of Co and Cu are 0.125 and
0.128 nm, making their size factors nearly equal. Thirdly,
although Co and Cu have different crystal structures (hcp
vs. fcc), such difference is expected to have only a minor
effect when compared with the size factor contribution
[33]. All of these reasons make the interaction between Co
and Cu rather weaker, and make their atoms difficult to
attract each other together and form a tight group of atoms
during electrodeposition process, thereby no amorphous
states can be formed. Of course, such weaker attraction
between Co and Cu cannot result in an intermetallic phase
in Co—Cu alloy system because it is usually considered that
more strong attraction results in an intermetallic phase. As
for the first- and second-mentioned points we will analyze
them more in detail below.

To understand the calculation results and comparing
them with the experimental data more clearly, the plot of
these nine EP binary amorphous formation [42] is given in
Fig. 5. When one of the author (ZBW) investigated the
theory of formation for amorphous alloy systems produced
by melt quenching (MQ), ion beam mixing (IBM) and
other methods [43-45], he used a two-dimensional plot
scheme. The two chemical coordinates are X =

|(Ry — Rp)/Ra| and Y = |10|A®| — 30|An~'/3||, where R
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is the atomic radium, n~'/3 and @ are the two Miedema
coordinates. Y and X are the electron and size factors,
respectively. These two factors are just used to represent
the interaction between two constituents in a binary alloy.
The electron factor is determined by the bond effect, the
difference in electronegativity and the alloying effect of an
element. It represents the rather complex effects of the
atomic nuclei on the outer and valence electrons, as well as
the complex interactions between outer and valence elec-
trons and between the ions themselves. They are generally
connected with the behavior of electrons; therefore, ZBW
calls them electron factor. It is obvious that if the differ-
ence between the electron factors of two kinds of atoms is
large, the short-range interaction between the two dissim-
ilar atoms then combines closely, and there is not enough
motive force and enough time for the atoms in the group to
move any great distance, or to rearrange cooperatively to
produce a regular atomic configuration suitable for forming
crystalline structure in longer distance. This means that
crystallization is hindered thereby leading to easy forma-
tion of amorphous alloys. The size factor X indicates the
difference of atomic size between two kinds of atoms. If
X is large, the difference between the two atomic sizes is
large, and the two dissimilar atoms combined more tightly
together and the atomic group is more stable. It is, there-
fore, more difficult for the atoms in the group to move any
large distance or to rearrange cooperatively. The formation
of crystalline structure in longer distance is, therefore,
impeded thereby leading to easy formation of amorphous
alloys. That is why besides Y, the size factor has been also
proved to play some role and must be considered in the
formation of amorphous alloys. Considering together these
two kinds of factors, i.e., Y and X, when they are large, the

short-range interaction for the two dissimilar atoms is
strong, the group of the dissimilar atoms then combine
tightly. Therefore, it is more difficult for the atoms in the
group to move any great distance, or to rearrange cooper-
atively to produce a regular atomic configuration suit-
able for forming crystalline structure in longer distance.
That is to say, the formation of crystalline structure is
hindered thereby leading to easy formation of amorphous
alloys. From Fig. 5, six alloy systems (Ni—P, Ni—B, Co-P,
Co-B, Cu-P and Cu-B) are all located in the amorphous
formation region because their ¥ and X values are all rather
large. However, the other three systems Ni—Cu, Ni-Co and
Co—Cu are all located in the non-amorphous formed area as
their Y and X values are all rather small. In such a question,
the amorphous formation plot for the nine binary alloy
systems further and more clearly explain the above calcu-
lation results on the RAF.

Conclusions

Using the Miedema model and subregular atom model
scheme, the RAF of EP binary amorphous alloy systems
has been modeled and calculated theoretically for the first
time.

The calculated results show that six alloy systems Ni-P,
Ni-B, Co-P, Co-B, Cu-P and Cu-B all have an RAF,
which are in agreement with the experimental data except
that there is no experimentally measured data in EP Cu-B
system. In addition, the calculated RAFs are usually greater
than those measured RAFs.

For the three metal-metal (Ni-Cu, Ni-Co and Co-Cu)
alloys, measurements and calculations all show that not any
amorphous phase can be formed except the crystalline
states. The internal reactions between the atoms in these
alloy systems decide such results.

It can be said from the results that the theoretical gap for
the theoretical calculation of formation range of EP
amorphous alloy systems has been filled to a certain
content.
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tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
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