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Abstract
In this research, novel functionally graded Ni-P coating was
deposited via electroless process. The content of phosphorus was
controlled to change gradually through the thickness of the coating.
During the plating, bath temperature and pH changed at specified
intervals to obtain a functionally graded structure. To compare the
properties of functionally graded coating with the Ni-P single-layer
coatings, three types of coatings with different phosphorus contents
were also deposited. Microstructure and phase composition of the
coatings were studied by scanning electron microscopy (SEM),
transmission electron microscopy (TEM) and X-ray diffractometry
(XRD). The mechanical properties and tribological behavior of the
coatings were also investigated. Low phosphorus and medium
phosphorus single-layer coatings had fully crystalline and
amorphous-crystalline structures, respectively. While high
phosphorus coating appeared to have a fully amorphous structure.
TEM images showed that low phosphorus coating had a nano-
crystalline structure. Results of nano-indentation test showed
gradual changes in hardness profile in the cross-section of
functionally graded coating due to the gradual changes of the
phosphorus content in the thickness of this coating. According to the
wear test data, medium phosphorus coating had minimum wear
resistance. Functionally graded coatings had better wear resistance
than single-layer coatings.
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1. Introduction
Nickel-phosphorus electroless plating is widely
used to improve materials properties. This surface
process provides coatings with uniform thickness,
corrosion resistance, high hardness and wear
resistance [1-5]. The properties of these coatings
depend on their  structural characteristics. One of
the most important factor affecting the properties
and structure of these coatings is phosphorus
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content [6-8]. So that with decreasing phosphorus
content the structure of coatings would be
changed from amorphous to crystalline
[6,7,9,10]. As a result, wear resistance and
hardness of coatings would be changed by
increasing phosphorus content. Recently, graded
coatings have received much attention for better
mechanical and tribological properties.
Furthermore, for increasing resistance of coatings
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to functional failure, functionally graded coatings
are being studied in coating design and developed
by scientists [11-16]. As it is mentioned, one of
the appropriate methods for improving surface
properties of material is electroless plating.
Although, some researchers deposited graded
coatings with electroless plating, but for this
purpose, they had used sequential immersion in
different baths (Ni-P or Ni-P and Ni-B) [17-19].
In these methods, the coated samples after each
step must be transferred from one bath to another
one, which may cause poor adhesion between
separate layers of coatings. Due to the mentioned
problem and also due to the lack of published
results in literature, in this study functionally

graded coating (FGC) was fabricated by using
one electroless bath while pH and temperature of
bath were changed at certain intervals during
plating. Chemical composition, structure, wear
resistance and hardness of this coating were also
characterized and compared with single layer
coatings.

2. Experimental procedures
In this study, electroless coatings were deposited
on martensitic stainless steel substrates. To
prepare the substrates for plating, the
pretreatment processes were applied according to
Table 1.

Table 1. The details of pretreatment processes.
Process sequence

1- grinding the samples over SiC paper from 80 to 800 grades
2- washing the samples with distilled water
3- electrocleaning in 1 normal NaOH solution at 5 volts for 2 minutes
4- washing the samples with distilled water
5-immersion in 30% HCl solution for 1 minute
6- immersion in a nickel electric bath containing NaCl2.6H2O and HCl in 10A/dm2 current for 1 minute

Finally after washing samples with distilled
water, they were entered the electroless plating
bath. The commercial nickel phosphorous
electroless solution (Schloter SLOTONIP70A)
including nickel sulfate, NaH2PO4 as reducer
and suitable values of additive and stabilizer
were used. A 1 liter double wall beaker
connected to a thermo stated circulating water
was used as a container. Coating bath was stirred
by a PTFE coated magnet. According to the
conditions given in Table 2, there single-layer
electroless coatings were fabricated. Then the
effects of phosphorus content on structure,
mechanical and tribological properties of single-
layer coatings was studied. In order to deposit
functionally graded coating (FGC), temperature
and pH of the bath were changed at certain
intervals during the plating as shown in Fig 1.
The mechanical properties of coatings were
investigated in the cross-section using a nano-

indenter NHTX S/N:01-03119. X-ray
diffraction, (XRD, Cu Kα) analysis was used to
identify the phases in the coatings. The structure
of coatings were studied by transmission
electron microscopy (TEM, CM120FEG) and
scanning electron microscopy (SEM, Philips-
XL30). Energy-dispersive X-ray spectroscopy
(EDS) was used to analyze phosphorous
contents of coatings. For single-layer coatings
crystallite size was calculated from XRD pattern
by using Williamson-Hall method [20]. The
wear behavior of coatings was evaluated by
using a pin-on-disc wear tester under normal
load of 35 N. Wear tests were performed under
non-lubricated conditions, at the ambient
temperature. The wear tests were done against
AISI 52100 steel pin with 5 mm in diameter.
Surftest SJ-210 (Mitotoyo) profilometer was
used to detect the depth profiles of the wear
tracks.

Table 2. Temperature and pH conditions of electroless bath for single-layer coatings.

Coatings pH Temperature(◦C)
low P 7±0.1 75±1

medium P 5.5±0.1 85±1
high P 4±0.1 91±1
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Fig 1. Temperature and pH conditions of electroless bath for L-H FGC.

3. Result and discussion
3.1. Structure of coatings

Fig. 2 shows the cross-section of L-H FGC,
which is made of gradual change in phosphorus
content from 12.3wt.% at the top to 3wt.% near
the substrate (Fig. 3). According to Fig. 2 the
coating has uniform thickness and appropriate
adhesion to the substrate. Fig.4 shows cross-
section of a graded Ni-P coating reported by
Narayanan et al., which is deposited by using
three different bathes [17]. As it is clear in Fig.
4, non-uniform interfaces are observable
between different layers [17].

Fig. 5 shows the results of EDS analysis for
single-layer coatings. According to this figure,
three types of low phosphorous coatings (low P)
with 3.0wt.%P, medium phosphorous (medium
P) with 6.4wt.%P and high phosphorus (high P)
with 12.2wt.%P were successfully fabricated by
using same basic bath and changing the
conditions of deposition. The thickness of
deposited Ni-P coatings is 50 ± 5μm. Fig. 6
shows X-ray diffraction patterns for three kinds
of single-layer coatings, this figure also
confirms formation of three different coatings
by the same basic bath in different temperature
and pH conditions.

Fig 2. Cross-sectional micrograph of L-H functionally graded Ni-P coating.
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Fig 3. Amount of phosphorus content through thickness of L-H FGC.

Fig 4. Cross sectional micrograph of graded electroless Ni-P (LMH) coating [17].
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Fig 5. EDS analysis for (a) low P, (b) medium P and (c) high P single-layer coatings.

Fig 6. X-ray diffraction patterns for as plated low P, medium P and high P coatings.

As seen in Fig. 7 low P (3.0wt.%P) coating
has a crystalline structure. Crystallite size of this
coating was estimated to be 9±2 nm by using
Williamson-Hall method. For high P coating the

broad peak at about 45˚ suggests an amorphous
structure. Furthermore, medium P coating
contains a mixture of amorphous and crystalline
structures. TEM image of low P coating (Fig. 7)
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confirms nano sized crystals of nickel. Also, for
high P coating TEM image confirms amorphous
structure (Fig. 8).

3.2. Mechanical properties
Nano-indentation test was performed at the
cross-section of coatings to obtain the values of
hardness and elastic modulus. Fig. 9-a shows F-
h curves for single-layer coatings. With
increasing load, penetration depth of the
indenter increases until it reaches its maximum.
The hardness and elasticity modulus obtained
from these graphs are presented in Fig. 9-b.
Hardness data in Fig. 9 indicates that among the
single-layer coatings, high P coating has the
minimum hardness, and low P coating has the

maximum. In fact, low P coating includes a
single β-phase which is a crystalline solution of
phosphorus in nickel and high P coating includes
γ-phase which has amorphous structure[10].
Since β-phase with nano crystalline structure has
more hardness than γ-phase, so the hardness of
coatings would be decreased with increasing
phosphorus content. Fig. 10 shows nano-
indentation test results for L-H FGC. This figure
indicates gradual hardness profile in cross-
section L-H FGC, which is as a result of gradual
changes in phosphorus content and so that
changes in the microstructure of coating through
the thickness. L-H FGC has decreasing hardness
through the thickness from the substrate to
surface of coating.

Fig 7. TEM image of low P coating.

Fig 8. TEM image of high P coating.
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Fig 9. (a) Load–Indentation depth curves, (b) hardness and elasticity modulus for single-layer coatings.

3.3. Wear behavior
Wear behavior of coatings and effect of
phosphorus content and its gradual changes
through the thickness of FGC on wear resistance
were studied. Fig. 11 shows the relationship
between wear loss and sliding distance for
coatings. Fig. 12 indicates depth and width of
wear track for coatings. According to this figure,
the maximum wear depth is about 38 µm, since
the thickness of coatings are  about 50 µm, it can
be concluded that the wear test could not
completely destroy the coatings, and steel pin
didn’t contact the substrate. From figures 11 and
12 it can be concluded that medium P coating
has the minimum wear resistance, while its
hardness is more than high P coating. Although

hardness is considered as a primary mechanical
property which determines wear resistance of
material, but it is not the only determining factor
for wear resistance [21]. There is strong
evidence that suggests the elasticity modulus
can also have a main effect on wear behavior.
Some authors believed that H/E ratio is a
suitable criterion for evaluating wear properties
of materials. It is also significant that the ratio
between H and E, which is so-called plasticity
index, is a main measure for determining the
limit of elastic behavior in surface contact,
which is clearly valuable for prevention of wear.
Especially, the elastic strain to failure, which is
dependent on the ratio of hardness (H) and
elastic modulus (E), has been indicated by a
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number of authors to be a more appropriate
parameter than hardness for predicting wear
resistance. Generally the more the H/E ratio, the
better wear resistance [22,23]. Table 3 presents
H/E ratios of single-layer coatings from results
of nano-indentation test. According to results,
for medium P has the lowest H/E ratio among
the single-layer coatings. So it may be
concluded that its poor wear resistance between

coatings is related to its H/E ratio. As figures 11
and 12 indicate, FGC has more wear resistance
than single-layer coatings. Wang et al. suggested
that for FGC, cracks were effectively prevented
due to the introduction of gradual changes in
composition through the thickness of coatings,
relatively fine cracks were propagated on the
wear track of the graded coating thus inhibiting
catastrophic failure under the heavy load [24].

Fig 10. (a) Load–Indentation depth curves, (b) hardness and elasticity modulus for L-H FGC.
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Fig 11. Weight loss of base metal and coatings as a function of sliding distance.

Fig 12. Weight loss of coatings as function of sliding distance.

Table 3. H/E ratios calculated from the nano-
indentation tests on single layer coatings.

Coating H/E /×10-3

Low P 52.35
Medium P 48.71

High P 50.80

Conclusions
1- As deposited low P coating had nano sized
structure, medium P coating contained a
mixture of amorphous and crystalline structure
and high P coating had amorphous structure.
2- Nano indentation test results showed
hardness profile in cross section of
functionally graded coating which indicated
changes through the thickness.
3- Among the single-layer coatings, low
phosphorus coating had the maximum
hardness and H/E ratio due to the presence of
hard nano-structure β phase, and also exhibited
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maximum wear resistance among all single-
layer coatings.
4- Medium phosphorus coating had the
minimum wear resistance, while its hardness
was not minimum. The main reason may be
that medium phosphorus coating had the
minimum H/E ratio, and this ratio is a more
appropriate parameter than hardness for
predicting wear resistance.
5- Functionally graded coating sindicated
much better wear resistance than single-layer
coatings because the gradual changes in its
composition and structure prevents from
cracks propagation through the thickness.
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