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A mechanically assisted electroless (MAE) barrel-plating technique has been developed to deposit Ni-P coatings
on carbon steel. The mechanical treatment was carried out in a rolling drum containing carbon steel specimens
and glass balls of 2–3 mm diameter, which was submerged in a bath containing electroless plating solution.
The coatings are Ni-polycrystalline and have a fine grained structure and smooth surfaces. The hardness and
corrosion resistance of the novel coatings are considerably improved compared with the conventional electroless
(CE)-plated Ni-P coatings, which are amorphous. After heat treatment at 400◦C for one hour, cracks and
pores are observed in the CE-plated Ni-P coating, while no cracks appear in the MAE barrel-plated Ni-P
coating. The improved properties of the MAE barrel-plated Ni-P coatings demonstrate the advantages of this
novel technique, wide applications of which will be found in industries.
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1. Introduction

Electroless-plated nickel-phosphorus (Ni-P) coat-
ings have been widely used in various industries[1–3].
The electroless-plating process and post-plating heat
treatment determine the Ni-P coating composition
and microstructure, which have attracted intensive
interest from academia and industries[4–10]. Amor-
phous Ni-P coatings are formed in electroless-plating
when the P content is higher than 8 wt pct[11].
If the amorphous coatings are crystallized, the me-
chanical properties of Ni-P coatings will be greatly
improved[4–9,12,13]. Crystallization of amorphous Ni-
P coatings is usually achieved by post-plating heat
treatment. Cracking of Ni-P coatings generally occurs
during the heat treatment because the specific density
of the Ni-P coating in the amorphous phase is smaller
than that in the crystalline phase[14]. Cracks degrade
the corrosion resistance of the Ni-P coating and other
crack-related mechanical properties[15]. Crystalline
Ni-P coatings free of cracks are desired for industrial
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applications. How to produce the desired Ni-P coat-
ings is a challenging issue. The present study explores
a mechanically assisted electroless (MAE) barrel-
plating technique to achieve this goal.

There are three ways to apply mechanical attri-
tion action, which are vibrating the glass balls in
horizontal or vertical directions and stirring the so-
lution containing specimens and ceramic balls. But
these methods have many limitations: horizontal and
vertical vibrations are only applicable for single-sided
electroplating and electroless-plating; the method of
stirring is only suitable for the electroless-plating of
small samples. So a new method of mechanical attri-
tion treatment should be adopted.

Barrel-plating methods are applicable for electro-
plating. It was originated in the post-Civil War era
and the equipment was readily adapted from avail-
able wooden barrels, kegs, or baskets[16]. Great ad-
vances in plating-barrel performance, capability, and
longevity were the result of plastic materials newly
available after World War II. Prior to that time, plat-
ing barrels were known to be composed of more prim-
itive plastic or phenolic materials. Today, the sub-
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Table 1 Composition of the plating solution and plating parameters

Plating solution composition/(g/L) Electroless parameters

NiSO4·6H2O NaH2PO2·H2O NaCH3COO·H2O C6H5Na3O7·2H2O pH Temperature Time

25 20 5 5 5.5 80◦C 1 h

merged portions of barrel-plating equipment are com-
posed, as much as possible, of nonconductive, chem-
ically inert materials that can be utilized in various
acid and alkaline solutions.

The mechanical attrition produced by stirring the
solution containing balls has been reported in litera-
ture [17]. Compared with stirring method, mechan-
ically assisted barrel-plating have some advantages.
Firstly, the mechanically assisted barrel-plating coat-
ings could be deposited on the big samples. Secondly,
the coating of mechanically assisted barrel-plating is
uniform, and the quality of the coating is improved
greatly. Thirdly, the fluctuation of the coating thick-
ness is little, while the thickness of the coating is non-
uniform after stirring. Therefore, mechanically as-
sisted barrel-plating must have active significance on
the area of electroless plating.

In the present research, we applied mechanical at-
trition to the barrel-plating Ni-P coatings on magne-
sium alloy to modify the microstructure and proper-
ties of the coatings.

2. Experimental

The MAE barrel-plating set-up is schematically
shown in Fig. 1. Samples to be plated were carbon
steel with dimension of 20 mm×10 mm×2 mm. The
sample surfaces were ground with SiC papers to 1200
grit. The composition of the plating solution and plat-
ing parameters are listed in Table 1. Before deposit-
ing, the sample was first degreased ultrasonically in
ethanol for 5 min, rinsed with deionized water, and
then immersed in 5% dilute hydrochloric acid for 30–
60 s and rinsed again with deionized water thoroughly.
MAE-plating and CE-plating were all carried out at
80◦C and each plating process lasted for 1 h. Some
plated samples were annealed at 400◦C for 1 h to in-
vestigate the cracking phenomenon induced by crys-
tallization.

X-ray diffraction analysis (XRD, PW3710,
Philips, The Netherlands) was conducted to charac-
terize crystal structures of the as-deposited coatings
and the coatings after heat treatment. The surface
and cross-sectional morphologies of coatings were
examined by scanning electron microscopy (SEM,
JSM-6480LV, JEOL, Japan). Chemical compositions
of the coatings were analyzed with an X-ray energy
dispersive spectroscope attached in the SEM. Hard-
ness of the coatings was measured by using a digital
microhardness tester (HVS-1000) with a load of 2.94
N and a duration time of 20 s. At least ten indents
were performed to gain average hardness value for

Fig. 1 Schematic diagram of mechanically assisted elec-
troless barrel-plating set-up: 1—sample, 2—ball,
3—bath solution, 4—coating bath, 5—rolling
drum

each sample.
The anodic polarization and electrochemical im-

pedance spectroscopy (EIS) tests were performed on a
galvano-chemistry Workstation (CHI660C, Shanghai,
China) in 3.5% NaCl solution at room temperature
by using a three-electrode electrochemical cell with a
platinum plate as the counter-electrode and a satu-
rated calomel electrode (SCE, +242 mV vs NHE) as
the reference electrode. Each of the samples exposed a
testing area of 1 cm2 to the solution and the rest part
was covered by an anticorrosion tape. The EIS spec-
tra were obtained over the frequency range of 10 mHz–
100 kHz with an applied AC perturbation potential of
10 mV amplitude. The EIS data were simulated with
Boukamp′s algorithm implemented in Zsimpwin soft-
ware. The average surface roughness (Ra) of the as-
deposited coatings was determined by using an optical
profiler (Wyko NT3300, Vecco, Germany) in vertical
scanning interferometry (VSI) mode. The scanning
area and vertical resolution in the VSI mode were
155 μm×204 μm and 1 nm, respectively. The surface
roughness of the plated coatings was measured in at
least five places and the average value was reported
here.

3. Results and Discussion

3.1 Surface morphology

Figure 2(a)–(d) show the surface SEM morpholo-
gies of the Ni-P coatings on carbon steel electroless-
plated without and with mechanical assistance, re-
spectively. The MAE barrel-plated Ni-P coating has
a much smoother surface than the conventional elec-
troless (CE)-plated Ni-P coating. Although both Ni-
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Fig. 2 Surface morphologies of Ni-P coatings on carbon steels electroless plated without ((a) and (b)) and with
((c) and (d)) mechanical assistance

Fig. 3 Surface morphologies of CE-plated (a) and MAE barrel-plated (b) Ni-P coatings on carbon steels after
heat treatment at 400◦C for 1 h

P coatings exhibit the typical “cauliflower-like” sur-
face, the size of the “cauliflower-like” cluster is below
100 nm on the MAE barrel-plated Ni-P coating sur-
face, while it is about 5–20 μm on the electroless-
plated Ni-P coating surface. The average surface
roughness (Ra) of the MAE barrel-plated coating is
about 85.00 nm, which is much smaller than that of
the CE-plated coating (310.76 nm). The MAE barrel-
plating process makes the coating surface smoother.

After heat treatment at 400◦C for 1 h, the sur-
face morphology is much different between the CE-
plated coatings and the MAE barrel-plated coatings,
as shown in Fig. 3(a) and (b). Cracks and pores
appear on the surface of the CE-plated coatings,
while no cracks are found on the surface of the MAE
barrel-plated Ni-P coatings. In addition to cracks,
small pores are formed in the CE-plated Ni-P coat-
ing, as shown in Fig. 3(a). No pores are observed

on the surface of the MAE barrel-plated Ni-P coating
(Fig. 3(b)). By comparing Fig. 3(b) with Fig. 2(d), it
can be seen that the surface morphology of the MAE
barrel-plated Ni-P coating remains almost unchanged
after heat treatment. The MAE barrelplating tech-
nique solves the severe cracking and pores problem of
Ni-P coatings.

Figure 4(a) and (b) are SEM images of the cross-
section of the Ni-P coatings produced by electroless-
plated without and with mechanical assistance, re-
spectively. Under the same plating condition, the
thickness of the CE-plated coating is about 20 μm,
whereas the thickness of the MAE barrel-plated Ni-P
coating is about 15 μm. Mechanical in situ treatment
makes the Ni-P coating become thinner by about
5 μm. In addition, the interface roughness between
the carbon steel substrate and the Ni-P coating is re-
duced by the mechanical in situ treatment.
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Fig. 4 Cross-section SEM images of Ni-P coatings on carbon steel by CE-plating (a) and MAE barrel-plating (b)

3.2 Composition and phase analysis

EDS analysis indicates that the P content is about
13.5 wt pct in the CE-plated Ni-P coating and about
10.1 wt pct in the MAE barrel-plated Ni-P coating.
When the P content is higher than 8 wt pct[11], Ni-
P coatings are usually amorphous. As expected, the
CE-plated Ni-P coating without heat treatment is
amorphous, as proved by the XRD pattern (Fig. 5(a)).
The MAE barrel-plating produces crystalline Ni-P
coating, as indicated by the XRD pattern (Fig. 5(b)),
where only the face-centered cubic (fcc) Ni peaks are
visible. After heat treatment, the conventional elec-
troless plated Ni-P coating and the electroless-plated
with mechanical assistance Ni-P coating are fully crys-
tallized into Ni and Ni3P phases as shown in Fig. 5(a)
and (b).

3.3 Microhardness

The microhardness test results show that the CE-
plated and MAE barrel-plated Ni-P coatings have the
mean microhardnesses of 350±10 and 485±10 HV,
respectively. The mechanical in situ treatment in-
creases the microhardness of the Ni-P coating by
about 135 HV, thereby indicating that the wear re-
sistance of the Ni-P coating will be greatly improved.
After heat treatment, the microhardness of CE-plated
Ni-P coating is 580±10 HV, while the microhardness
of MAE barrel-plated Ni-P coating is increased to
770±10 HV. The average grain size, d, of Ni and Ni3P
might be estimated from the full width of half max-
imum (FWHM) of the XRD peak via the Scherrer
equation[18]:

dXRD =
kλ

β(θ) cos θ
(1)

where λ is the X-ray wavelength, β is the FWHM
of the diffraction peak, θ is the diffraction angle and
the constant k≈1. From the XRD patterns indicated
in Fig. 5 and using Eq. (1), we estimate the average
grain sizes of Ni and Ni3P in the MAE barrel-plated
Ni-P coating to be 28 and 32 nm, respectively, which
are correspondingly smaller than the average grain
sizes of Ni and Ni3P in the CE-plated Ni-P coating,
320 nm for Ni and 210 nm for Ni3P. That might be
the reason why the MAE barrel-plated Ni-P coating

Fig. 5 Comparison of XRD patterns for CE-plated Ni-P
coating (a) and MAE barrel-plated Ni-P coating
(b) before and after heat treatment

after heat treatment exhibits enhanced microhardness
compared with the CE-plated Ni-P coating after the
same annealing process.

3.4 Electrochemical testing

Figure 6 shows the polarization curves of the CE-
plated Ni-P coatings and MAE barrel-plated Ni-P
coatings before and after heat treatment, and the car-
bon steel substrate in 3.5% NaCl solution at room
temperature. The carbon steel has the most negative
corrosion potential Ecorr among the studied samples.
Before heat treatment, the Ecorr of the MAE barrel-
plated Ni-P coating is higher than that of the CE-
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Fig. 6 Polarization curves in 3.5% NaCl solution at room
temperature: (a) carbon steel substrate, (b) CE-
plated coating after heat treatment, (c) CE-plated
coating before heat treatment, (d) MAE barrel-
plated coating after heat treatment, (e) MAE
barrel-plated coating before heat treatment

plated Ni-P coating. After heat treatment, the Ecorr

of the MAE barrel-plated Ni-P coating is also higher
than that of the CE-plated Ni-P coating. This re-
sult indicates that the corrosion resistance of the Ni-P
coating is improved by the mechanical in situ treat-
ment. After heat treatment, the corrosion potentials
of the CE-plated coating and the MAE barrel-plated
coating both shift negatively compared with their
as-deposited status correspondingly, which might be
caused by the change in microstructure such as crys-
tallization and grain growth, as described above.

The measured EIS data in the Nyquist format are
presented in Fig. 7(a). Figure 7(b) shows an equiv-
alent circuit, which consists of a solution resistance
(RS), a constant-phase element (Qdl), a polarization
resistance (Rt) and a Warburg component (W ). The
Warburg impedance is usually observed at low fre-
quencies in electrochemical experiments due to the
concentration polarization induced by a sluggish dif-
fusion process. The circuit parameters are approxi-
mately determined by fitting the experimental data
with the equivalent circuit and tabulated in Table 2.
In Table 2, factor ndl represents the Qdl power, which
is usually between 0.5 and 1[19]. When ndl=1, a Qdl

is equivalent to an ideal capacitor. The EIS analy-
sis shows that the polarization resistance (Rt) of the
MAE barrel-plated Ni-P coating is higher than that of
the CE-plated Ni-P coating, thereby indicating again
that the corrosion resistance is improved by the me-
chanical in situ treatment. After heat treatment, the
values of Rt are decreased slightly for both CE-plated
coating and MAE barrel-plated coating, which is con-
sistent with the negative shift of the corrosion poten-
tial.

4. Discussion

From the surface observations and surface rough-
ness measurements, we can see that as the mechanical

Fig. 7 (a) Nyquist plots for carbon steel substrate, CE-
plated and MAE barrel-plated Ni-P coatings be-
fore heat treatment and after in 3.5% NaCl solu-
tion at room temperature, respectively; (b) equiv-
alent circuit for fitting the EIS data

attrition action is applied to Ni-P barrel-plating, the
surface of Ni-P coating becomes smoother. In addi-
tion, mechanically assisted electroless barrel-plating
would influence the growth of deposits on the coat-
ing surface. Therefore, under mechanical attrition
action, mechanically assisted electroless barrel-plated
Ni-P coating shows a fine microstructure and no pores
and cracks compared with the conventional electroless
plating process.

Amorphous alloys are of meta-stable phases in a
thermodynamic sense and will be crystallized to reach
the equilibrium state through annealing. Amorphous
Ni-P coating is crystallized to fcc Ni and Ni3P phases
after heat treatment at 400◦C for 1 h[20]. The as-
deposited Ni-P coating by MAE barrel-plating con-
sists of Ni polycrystals but does not precipitate the
phase of Ni3P, which indicates that the energy pro-
duced by mechanical in situ treatment could promote
the crystallization of the amorphous, but this crystal-
lization might be partial. When Ni and P atoms are
deposited on the substrate at room temperature, the
meta-stable amorphous state might be at the local en-
ergy minimum so that the CE-plated Ni-P coating is
amorphous. In addition, the surface diffusion of Ni
and P atoms might play a critical role in the forma-
tion of the amorphous coating. Under the CE-plating
condition, the mobility of deposited Ni and P atoms
might be too low, so the Ni and P atoms could not
overcome the energy barrier to be crystallized. With
the mechanical in situ treatment, the balls impact on
the deposited coating and thus exert a mechanical
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Table 2 Fitting results of EIS of the carbon steel, the CE-plated Ni-P coating and the MAE
barrel-plated Ni-P coating

Sample Rs/Ω·cm2 Rct/Ω·cm2 Qdl/F·cm−2 ndl W

Carbon steel 3.389±1% 1066±2% 7.244×10−4±0.3% 0.7852±1.2% 6.317×1019±12%

CE-plated Ni-P coating 3.47±1.3% 1582±2.6% 1.086×10−4±0.2% 0.9757±1.4% 1.256×108±10%

after heat treatment

CE-plated Ni-P coating 3.50±1.6% 1614±3% 1.106×10−4±1% 0.7514±1.7% 1.561×108±11%

before heat treatment

MAE barrel-plated Ni-P coating 0.9136±1% 2025±2.1% 1.742×10−4±0.4% 0.9782±1.5% 2.717×1011±15%

after heat treatment

MAE barrel-plated Ni-P coating 1.088±1% 2187±2% 2.127×10−5±1% 0.9876±1% 8.8884×104±17%

before heat treatment

force on the coating. Under such in situ mechanical
force, the energy barrier for crystallization is greatly
reduced. The detailed thermodynamics analysis was
reported in a previous literature [21]. The uncom-
pleted crystallization and the lack of Ni3P phase in
as-deposited coating electroless-plated with the me-
chanical in situ assistance might indicate a hypothe-
sis that the mobility of Ni and P atoms might not be
enhanced too much by the mechanical in situ treat-
ment.

The increase in hardness of the mechanically as-
sisted electroless barrel-plated Ni-P coating might be
attributed to the compact and fine grained structure
and the extra solid solution hardening of P. Phase
transformation and micro-crystallization induced by
mechanical attrition might be mainly responsible for
the hardness increase.

After heat treatment, cracks are observed in the
CE-plated Ni-P coating, indicating that a tension
stress field is built up. This fact means the volume
shrinkage during the crystallization of the amorphous
coating. Since the MAE barrel-plated Ni-P coating
has been crystallized, its density must be higher than
that of the CE-plated coating. Therefore, the vol-
ume change during the heat treatment must be much
smaller in the MAE barrel-plated Ni-P coating than
that in the CE-plated coating so that no cracking oc-
curs. After heat treatment, as described above, the
grain sizes of Ni and Ni3P in the MAE barrel-plated
Ni-P coating are all smaller than those in the CE-
plated coating, respectively. Thus, the hardness, the
corrosion resistance and the wear resistance would be
greatly improved by the mechanical in situ treatment.

5. Conclusion

In summary, a novel coating process, i.e. the MAE
barrel-plating, has been developed to deposit Ni-P
coatings on carbon steel. The Ni-P coatings possess
smooth surfaces and a fine grained structure. The
coating properties including hardness and corrosion
resistance have been improved effectively. No cracks
in the MAE barrel-plated Ni-P coatings are formed
after heat treatment at 400◦C for one hour. These ex-
cellent properties produced by the mechanical in situ
treatment will bring wide applications of the MAE
barrel-plating technique to engineering practice.
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