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Abstract: This paper presents a characterization of the phase transformations observed in a
series of electroless Ni-P coatings on aluminum containing 2 wt. % of SiC or Al203 particles and
heat treated at 300 or 400°C for an hour. The composite electroless nickel coatings obtained were
characterized using optical microscopy, scanning electron microscopy, microanalysis, interfero-
metric microscopy, microhardness tests, roughness evaluation, and X-ray diffraction. The results
indicate that the presence of the particles leads to a slight increase in the microhardness and the
roughness of the deposits. Additionally, the coatings undergo crystallization and generate nickel
phosphide (Ni3P) upon heat treatment at 400°C for 1 hour. A precipitation hardening mechanism
significantly increases the microhardness of the coatings.
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1. Introduction

Since its discovery in the 1940s, electroless nickel plating
processes have undergone significant development and
are now widely used due to their particular and advanta-
geous features (Chintada et al., 2021; Chintada et al., 2023;
Nazari et al., 2023). This process involves the autocatalyt-
ic chemical reduction of nickel ions (Ni*?) present in a
solution of nickel salts. A substance that acts as a reducer,
such as sodium hypophosphite, (although boron-based
compounds have also been used for this purpose (Ne-
mane et al., 2024), without the use of any electric current
in an acidic bath (Barba et al, 2021). The coatings formed
using sodium hypophosphite as a reducing agent are typ-
ically Ni-P alloys, with a weight percentage of 3-18% (Yan
et al., 2008).

The properties of these coatings depend on the phos-
phorus content of the coatings and the pH of the solution
used. One of the main qualities of this

type of coating is the homogeneity in the thickness of
the deposits, which remains almost constant regardless
of the geometry of the substrate. Additionally, the auto-
catalytic condition of the process is a positive feature.
Electroless nickel coatings can be obtained on a variety
of metallic materials with different degrees of difficulty.
Also, it is possible to obtain these coatings on certain
polymeric and ceramic materials, although the prepara-
tion process is more complex.

The hardness of the deposits generally decreases with
increasing phosphorus content. However, this increase
improves the coatings’ corrosion resistance (Barba et al.,
2021; Yan et al., 2008). It is also worth noting that heat
treatments can be applied to the coatings. Low-tempera-
ture heat treatments (around 200 to 300°C) have been
shown to have minimal impact on coating properties, as
documented by various authors, including Keong et al.
(2003), Shetty et al. (2021), Guo et al. (2003), Ahmad-
khaniha et al. (2021) and Palaniappa et al. (2007). It is
important to maintain objectivity in reporting these find-
ings. According to Balaraju et al. (2006) and Biswas et al.
(2022), heat treatment at 400°C for 1 hour is the optimal
temperature and time for inducing favorable chang-
es in the microhardness of high-phosphorus coatings
(8-9 wt.% P).

The crystallization process improves the mechanical
properties of the coatings but also reduces their corro-
sion resistance. The original amorphous coatings had
excellent corrosion resistance, especially in acidic envi-
ronments (Pacheco et al., 2008; Azadi et al., 2021; Shozib
et al., 2022). Some variants of electroless nickel coatings

involve adding a third element, Ni-P-(X), such as Mo, W,
Cu, Zn, Sn, and Re. These modifications can improve wear
and corrosion resistance, depending on the element and
amount added to the electroless nickel plating bath.
However, the addition of a third element can cause a less
stable bath and a lower deposition rate (Mendoza et al.,
2006; Palaniappa et al., 2007; Shahzad et al., 2020; Biswas
etal., 2022).

Another widely applied modification is composite
electroless nickel coatings. These coatings consist of hard
ceramic particles (such as SiC, Al,0,, Si;N,, diamond, WC,
TiO,, BN, B,C, SiO,, and others) and soft particles with
lubricating qualities (such as Teflon or molybdenum di-
sulfide) that are added to the bath. These studies suggest
that the addition of certain elements can enhance the
wear resistance of the coatings without compromising
their corrosion resistance (Agarwala et al., 2003; Balaraju
et al., 2006; Sudagar et al., 2019; Nazari et al., 2023).

Regarding Ni-P-Al203 coatings, a consensusisreported
that the addition of aluminum oxide particles effectively
improves the wear resistance of the deposits. (Alirezaei
et al, 2007; Ledn-Patifio et al., 2019; Hu et al., 2018). Ali-
rezaei et al. (2004) pointed out that, depending on the
amount of added particles, their presence influences the
deposition speed, roughness, and microhardness; the lat-
ter will increase in relation to the increase in the amount
of alumina particles added.

In a subsequent study, Alirezaei et al. (2007) inves-
tigated the wear resistance of electroless nickel-plated
carbon steel with added aluminum oxide particles using
a pin-on-disc wear test. The researchers found that the
wear resistance was significantly improved when the Ni-
P-Al,0, coatings were heat-treated at 400°C for one hour,
primarily due to the presence of Ni,P. Similarly, it has
been reported that the hardness decreases after treat-
ment at 600°C, which appears to be associated with the
growth of Ni,P precipitates.

Hu et al. (2018) reported that the addition of Al,0,
nanoparticles to an electroless Ni-P coating on magne-
sium alloys can increase microhardness and corrosion
resistance by controlling the coating layer’s grain size,
without altering coating adhesion. Ledn-Patifio et al.,
(2019) found that the wear rate of Ni-P-Al,0, coatings
decreasesbyoneorderof magnitude compared to electro-
less Ni-P coatings when tested under different conditions
using a linear reciprocating wear test configuration. This
testindicates the presence of both adhesive and abrasive
wear mechanisms. For a more comprehensive review of
the effect of incorporating nanoparticles into electroless
nickel coatings, refer to Nazari et al. (2023).
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The addition of SiC particles to coatings results in a
slight increase in roughness and microhardness, as re-
ported by Apachitei et al. (2002), Chang et al. (2016),
Franco et al. (2013), Grosjean et al. (2001), and Soleima-
ni et al. (2015). However, the increase in microhardness
depends on the SiC content, and there is a limit beyond
which no further beneficial effect on microhardness oc-
curs (Franco et al., 2013).

Regarding the effect of the application of heat treat-
ments, there is an agreement in the literature that the
treatment at 400°C for 1 hour produces the best results in
relation to the increase in microhardness and wear resis-
tance (Shettyetal.,2021; Apachiteiet al.,2002; Changetal.,
2016; Franco et al., 2013; Vojtéch, 2009). At higher thermal
treatments (500°C), a decrease in wear resistance is ob-
served, attributed to the coarsening of Ni,P precipitates.

On the other hand, the addition of small amounts of
SiC to Ni-P-(X) coatings does not significantly alter their
corrosion resistance. Some studies have investigated
the relationship between particle size and corrosion re-
sistance, suggesting that nanometric-sized particles can
enhance the corrosion resistance of deposits (Soleima-
ni et al., 2015; Chintada et al., 2018). Additionally, it has
been found that there is an optimal nanometric size that
can achieve greater benefits in corrosion resistance (Far-
zaneh et al., 2016).

However, further research is needed to fully under-
stand the relationship between corrosion resistance in
various media and the addition of SiC particles to elec-
troless Ni-P coatings, as the results are not yet conclusive
(Zhang et al., 2008). According to Ahmadkhaniha et al.
(2018), the anodic polarization behavior of the coatings
changed from passive to active after heat treatment at
400°C for 1 hour, compared with the as-plated condition.
However, there is a lack of conclusive evidence on this
point despite extensive research by several groups.

Information on the phase transformations in Ni-P-(X)
coatings and their impact on mechanical and corrosion
behavior remains insufficient. This study reports the
characterization of Ni-P-(Al,0,;SiC) composite coatings
on aluminum. Scanning electron microscopy, interfero-
metric microscopy, microanalysis, microhardness, and
X-ray diffraction were used to investigate the influence
of phase transformations on the coatings.

2. Materials and Methods
The coatings were applied on commercially pure alu-

minum sheets, with a square section of 1 cm? The
specimens were initially washed with soap and water,

rinsed in running water, and immersed in a 5% NaOH
solution at 40 °C for 90 seconds. After another rinse, the
pieces were placed in a 1:1 solution of HNO, and ammo-
nium fluoride at room temperature for 2 minutes, then
rinsed. Subsequently, the samples were immersed in a
solution containing 15 g/l of zinc oxide, 300 g/l of sodium
hydroxide, 3 g/l of ferric chloride, 1.5 g/l of salicylic acid,
and 8 g/l of sodium gluconate, for 45 seconds in each
bath at room temperature. Later, rinse at the end of this
bath sequence.

Electroless nickel plating was performed (Barba et al,
2021) with the addition of 2% by weight of aluminum
oxide particles (1 um, diameter) or 2% by weight of sili-
con carbide particles (1-5 um size) using a pH of 4.6-4.7,
measured with a pH-meter, Metrohm brand, model 620.
The pH was adjusted by adding ammonia, and the bath
temperature was maintained at 80-85°C for 90 and 120
minutes. A magnetic stirrer was set to 60 rpm.

Some of the samples were thermally treated in a
muffle-type electric resistance furnace, Brand Hobersal,
Model JB-20. The heat treatment cycles applied were 300
°C for 1 hour and 400 °C for 1 hour, with subsequent air
cooling. The thickness was evaluated according to ASTM
B487-20 (ASTM, 2020), in which the samples were cut into
cross-sections, prepared metallographically by sanding
with silicon carbide sandpaper up to grade 1000, and
polished with 5- and 1-micrometer diamond pastes. For
microscopic observation, an optical microscope (Epivert
Leitz) and a scanning electron microscope (model Ste-
reoscan 360, Leica) were used.

An interferometric  microscope Zygo, model
NewView100, was used to obtain the variations of the
roughness of the surface coatings using a 40X objective.
To perform microanalysis, a Cameca brand microprobe,
model SX50, was used. We worked with LiF analyzer
crystals, a voltage of 20kV, an output angle of 40°, an
acquisition time of 30 seconds, and a current intensity
of 20nA. For each sample analyzed, measurements were
made at 5 to 7 different points on the coatings.

To obtain the hardness, an Akashi model MVK-HO
microhardness tester was used, following the ASTM
B-578-21 (ASTM, 2021) standard, using loads of 25 grams
for the thinner layers and 100 grams for the rest of the
coatings, applying the load for 15 seconds in 10 to 15 dif-
ferent sites for each of the deposits. These measurements
were taken in the cross-section to avoid the influence of
substrate hardness.

For the X-Ray Diffraction studies, a Siemens Model
D-500 Diffractometer was used with Brentano Bragg Ge-
ometry 6/26, using Cu Ka radiation (A=1.5418 Angstroms)
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at30 mA and 40kV, performing sweeps from 10 to 100°, with
a step size of 0.05° and a time between steps of 3 seconds.

3. Results and Discussion

Figure 1 displays an optical microscopy image of an elec-
troless nickel coating Ni-P-2%SiC composite. The image
shows a uniform thickness and distribution of silicon car-
bide particles. Figure 2 presents an electron micrograph
of the same type of deposit after heat treatment at 400°C
for 1 hour. Morphologically, no significant differences are
observed between the two images. The coating thick-
ness ranged from 15 to 30 micrometers. The achieved
thickness remained uniform regardless of the substrate
geometry, and the presence of particles did not signifi-
cantly alter the thickness. The chemical composition,
obtained through electron microprobe analysis, revealed
that the Ni-P, Ni-P-SiC, and Ni-P-Al,0, electroless coat-
ings contained between 86.7% and 88.13% by weight of
Ni and 11.87% and 13.24% by weight of P, resulting in
high-phosphorus coatings.

Figure 1. Composite electroless Ni-P-2%SiC coating
on Al without heat treatment. OM, 260X.
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Figure 2. SEM Image of an Electroless Ni-P- 2%SiC,
after heat treatment, 400°C/1 hour. 2500 X.

Figure 3 shows an optical microscopy image of an elec-
troless nickel coating containing 2% Al,O,. The particles

are distinguishable when compared to the SiC particlesin
Figure 4. The coating morphology varies with the addition
of different types of particles. The addition of SiC parti-
cles does not significantly alter the morphology, whereas
alumina particles tend to agglomerate, altering the coat-
ing’s roughness.

Figure 3. Composite Electroless Ni-P-2%Al,0,,
without heat treatment. OM. 650X.
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Figure 4. SEM image of a composite electroless Ni-P-

2%AL,0,, after heat treatment 400°C/1 hour. SEM. 3000X.

Figure 5 shows the impact of heat treatment (400°C/1
hour) on the microhardness of composite electroless nick-
el coatings. The microhardness of the coatings reached
1000 Vickers when aluminum oxide particles were add-
ed and 1100 Vickers when silicon carbide particles were
added. This is slightly higher than the microhardness of
Ni-P-Al,O, deposits, which may be due to silicon carbide’s
higher hardness than aluminum oxide.

Figure 6 (a) shows the diffractogram corresponding
to an electroless nickel coating, in which the amorphous
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condition of the coating and the identification of crys-
talline Al (reference 00-004-0787) and Ni (Reference
01-088-2326) are evident. When the deposit is subjected
to heat treatment at 400°C/1 hour (Figure 6 (b), Ni appears
crystalline, and the nickel phosphide Ni,P (JPCD 34-0501)
was formed.
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Figure 5. Effect of heat treatment (400°C/1 hour)
on microhardness of composite electroless
Ni-P-2%Al,0, and Ni-P-2%SiC coatings.
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Figure 6. (a) Diffractogram of a Ni-P electroless nickel
deposit, without heat treatment. (b) Diffractogram of a Ni-P
electroless nickel coating after 400°C/1 hour heat treatment.

Similarly, Figure 7 (a) shows the recently deposited
Ni-P-2%SiC electroless nickel coating composite, where
the presence of Ni, Al, and SiC (JPCD reference 39-1196)
is identified, while in Figure 7(b) the coating can be seen
after having applied a heat treatment at 400°C for 1 hour.
The effect of the heat treatment is reflected in the appear-
ance of the crystalline Ni, nickel phosphide Ni,P, and SiC.
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Figure 7. (a) Diffractogram of a Ni-P-2%SiC composite
electroless nickel deposit, without heat treatment;
(b) Diffractogram of a Ni-P-2%SiC composite electroless
nickel coating after 400°C/1 hour heat treatment.

Figure 8(a) displays the diffractogram of a composite
electroless nickel coating containing Ni, Al, and Al,0,
(JPCD reference 00-010-0425). Figure 8(b) shows the coat-
ing after heat treatment at 300°C for 1 hour, revealing the
crystalline phases Ni, nickel phosphide (Ni3P), and AL,O,.

The heat treatment has a noticeable effect on the
coating’s appearance. Figure 8 and Table 1 show that the
X-ray diffraction peak intensities of the coated samples
heat-treated at 400°C are higher than those reported at
300°C. This suggests an incomplete transformation at
300°C, which is completed at 400°C (Keong et al., 2003;
Shetty et al., 2021; Palaniappa et al., 2007; Franco et al.,
2013, Biswas et al., 2016).
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Figure 8 (a). Diffractogram of a Ni-P-2%Al,0, composite
electroless nickel deposit, without heat treatment;
(b) Diffractogram of a Ni-P-2%Al,0, composite electroless
nickel coating after 300°C/1 hour heat treatment;
(c) Diffractogram of a Ni-P-2%Al,0, composite electroless
nickel coating after 400°C/1 hour heat treatment.

The increase in microhardness of the coatings is primarily
due to the complete crystallization of Ni at 400°C, which
was initially amorphous in deposits with high P, and to
the formation of the Ni,P nickel phosphide precipitate.
At lower heat treatment temperatures (300°C), the pro-
cess of nickel crystal formation has not been completed,
resulting in coatings containing micro or nanocrystalline
Ni and another amorphous part of Ni.

Table 1. Maximum peaks of X Ray Diffraction
of composite electroless Ni-P-X (AL,0,, SiC)
with and without heat treatment.

Sample Coating Characteristics CPS CPS (Max)

and H.T (Max) Ni Ni P

1 Ni-P without particles, 5120 2596
300°C/1 hour

2 Ni—P—2%Al203, 300°C/1 hour 2588 2228

3 Ni-P-2%SiC, 300°C/1 hour 3559 2220

4 Ni-P without particles, 7148 3374
400°C/1 hour

5 Ni-P-2%Al203, 400°C/1 hour. 6682 2920

6 Ni-P-2%SiC, 400°C/1 hour 3695 2702

Higher heat-treatment temperatures (500°C) cause
precipitate particles to grow beyond the optimum size,
resulting in a decrease in microhardness (Ahmadkhaniha
etal., 2018). In Ni-P-SiC deposits, heat treatment at 500°C
leadsto the formation of NiSi2 compounds, which degrade
their tribological properties (Apachitei et al., 2002; Franco
et al., 2013; Chang et al., 2016).

Table 2 displays the roughness values obtained by in-
terferometric microscopy. Itis evident that the value of Ra
increases as particles are added. Alumina particles have a
spherical morphology, while SiC particles have an acicu-
lar and irregular morphology. This difference is reflected
in the higher roughness of SiC, which is expected to affect
the coatings’ behavior under wear conditions.

Table 2. Roughness of the composite electroless nickel
coatings obtained under different heat treatment
conditions, evaluated by interferometric microscopy.

Electroless Nickel Coating Roughness, Ra (microns)

Ni-P without particles, No Heat 0.321
Treatment (H.T.).

Ni-P-2%AL,0,, without H.T. 1.542
Ni-P-2% AL,0O,, 300°C/1 hour 2.042
Ni-P-2% Al,0,, 400°C/1 hour 2.398

Ni-P-2%SiC, without H.T. 1.911

Ni-P-2%SiC, 300°C/1 hour 2.903

Ni-P-2%SiC, 400°C/1 hour 3.630

Figure 9 shows the morphology of a Ni-P-2%Al,0,
composite electroless nickel, without heat treatment,
obtained using interferometric microscopy, in which the
presence of a “smooth” Ni-P matrix is clearly perceived
and protruding.
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Figure 9. Roughness of a composite electroless Ni-P-2%Al,0,,
without heat treatment. IM. 40X Ra average 1.542 pm.

Figure 10 shows an interferometric microscopy image of a
Ni-P-2%SiC composite electroless nickel coating without
heat treatment, in which the irregular (acicular) morphol-
ogy of the SiC particles causing a greater roughness with
respect to those of AL, 0,.

Figure 10. Interferometric microscopy image of Ni-P-
2%SiC composite electroless nickel coatings, without
heat treatment. “Ragged” morphology caused by
the particles. ME. 40X Ra average 2.038 pm.

Figure 11 shows the joint effect of applying the heat treat-
ment at 400°C for 1 hour and the presence of SiC particles.
Heat treatment causes crystallization of the coating,
leading to the formation of crystalline Ni and Ni3P, which
explains the increase in roughness and should affect be-
haviors such as corrosion and wear resistance.

Figure 11. Roughness of a composite electroless
Ni-P-2%SiC, after heat treatment 400°C, 1
hour. IM. 40X. Ra average: 3.630 um.

Based on the literature and the findings of this pa-
per, it is widely agreed that electroless Ni-P can exhibit
various crystallographic conditions at the outset. At low
or medium P levels, the coatings exhibit crystalline or
microcrystalline structures (and even nanocrystalline
structures, depending on the process conditions). How-
ever, at higher P levels (such as the 11-13% used in this
research), the coatings tend to be predominantly amor-
phous. As a result, coatings with lower P levels exhibit
greater microhardness.

According to the Ni-P phase diagram (Kim et al., 2014),
the electroless Ni-high P coatings will undergo crystal-
lization upon heating. The nickel, which was initially
amorphous in the deposit, will crystallize, and Ni,P, nick-
el phosphide, will also form. This can be confirmed by
examining the corresponding diffractograms before and
after the heat treatment, particularly at 400 °C for 1 hour.

Another phenomenon that accompanies the previ-
ous one is the formation and precipitation of Ni,P from
a supersaturated solution of P in Ni. Different research-
ers have found that the optimal point for the size and
distribution of the precipitate, resulting in the most sig-
nificant increase in coating microhardness, is achieved
when heat-treated at 400°C for one hour (Keong et al.,
2003; Palaniappa et al., 2007, Mendoza et al., 2006).

Based on the results obtained, it appears that the
transition from the amorphous to the crystalline phase
and the precipitation of the intermetallic phase (Ni3P)
are temperature-dependent processes rather than
heat-treatment time-dependent.

The addition of SiC and AL,0, particles initially in-
creases roughness, which is expected to improve wear
resistance subsequently. The extent of the effect de-
pends mainly on the morphology of the particles and the
amount added. According to Corredor et al. (2007), the
roughness of Ni-P-SiC coatings is influenced not only by
the shape of the particles (acicular for SiC and spherical
for AL,O,) but also by the type of additives used. The in-
terferometric microscopy images adequately reflect that
the roughness of composite electroless nickel deposits
increases when they are heat-treated (400°C/one hour)
due to the crystallization of Ni and the formation of the
Ni,P precipitate.

The influence of the added particles on microhardness
modification is reduced in this work. The increase in mi-
crohardness of the coated samples after heat treatment
at 400°C for one hour is mainly attributed to the crystal-
lization of Ni and the formation of Ni,P precipitates in
optimal quantity and distribution. At lower heat treatment
temperatures, the composite electroless nickel coatings
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exhibit some degree of stability, and the transformation is
partial. At higher heat-treatment temperatures, agglom-
eration of the Ni3P precipitates reduces hardness.

Recently, hard nanoparticles have been used to de-
velop composite electroless nickel coatings, offering new
possibilities forimproved properties and expanded appli-
cations. For instance, the addition of SiC nanoparticles
(Chintada et al., 2018; Soleimani et al., 2015) has been
reported to increase corrosion resistance. Similarly, the
use of hard or soft nanoparticles (Nazari et al., 2023) can
modify wear resistance and friction behavior.

Conclusions

Composite electroless nickel coatings (Ni-P-SiC and Ni-
P-Al,0,) were successfully produced on aluminum with
uniform thickness and good adhesion.

The addition of 2% wt. SiC and AL, 0, particles did
not alter the amorphous structure of the coating but
did increase its microhardness. However, it also led to
increased coating roughness, as evaluated by interfero-
metric microscopy.

Heat treatment at 300°C for 1 hour results in partial
transformation of the deposits, producing a coating
composed of amorphous nickel, crystalline nickel, and a
portion of nickel phosphide (Ni3P).

Subsequent heat treatment at 400°C for 1 hour sig-
nificantly modifies the coatings’ properties, increasing
microhardness from approximately 500 Vickers to just
over 1100 Vickers. Heat treatment significantly increases
the roughness of composite electroless nickel coatings.

The main mechanism responsible for this modification
is the crystallization of the nickel in the coatings. Addi-
tionally, the process of precipitation hardening of Ni,P
precipitates occurs, which is completed when treated at
400°C for one hour.
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