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In this present study was evaluated the influence of heat treatment on the wear resistance of
electroless high phosphorus nickel coating (9-10% P wt.). In addition, both untreated and treated Ni-P
deposits were then compared to electroplated hard chromium coatings in terms of wear behaviour.
Three different heat treatment conditions were performed at temperatures of 320°C, 400°C and 500°C
under different holding times. The selection of the heat treatment conditions was chosen considering
the results obtained by a differential scanning calorimetry (DSC) analysis. The wear behaviour of the
Ni-P samples was investigated through a non-lubricated “ball on plate” test carried out against an
AlLO, counter-face. After an analysis of the friction coefficient, microstructure of the worn surface,
width and chemical composition of the wear track, was possible to conclude that the heat treatment
affect positively the wear resistance of Ni-P coatings. Treatment conditions of 320°C with 9 hours
holding time and 400°C with 1 hour holding time showed the best results due to a structural change
from amorphous supersatured solid solution of phosphorus in nickel to a crystalline structure of nickel
crystallites and nickel phosphides (Ni,P) occurred between 320°C and 360°C that was verified after
x-ray diffraction analysis. Moreover, Ni-P heat treated coatings showed better results when compared
to electroplated hard chromium deposits, hence acting as a natural alternative for chromed coatings.
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1. Introduction

Electrodeposited hard chromium coatings are widely
used in several areas where wear resistance must be a
fundamental property. Only a few microns’ thick layer
deposited on a varied range of substrates is capable to reduce
considerably their friction coefficient as well as their mass
loss during application of a load under dynamic movement.
This special ability has always made hard chromium a vital
allied of industry, allowing the use of soft and inexpensive
base materials even when exposed to severe wear conditions.

However, over the last decade the efforts to replace
hard chromium coatings has increased especially due to
environmental concerns related to chemical products involved
in the deposition process. The expensive waste disposal
that is required after electrodeposition and the well-known
health problems originated by the carcinogenic chromate
have influenced the industrial sector to develop “cleaner”
plating baths. Nowadays, several environmental friendly
alternatives have been studied in order to substitute hard
chromium without loss of the most important properties
for a specific case.

Following this line of reasoning, one of the most studied
coating process in the past 10 years is the electroless nickel
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plating. These extensive studies are primarily due to their
high wear resistance and effective corrosion protection. The
most common electroless nickel deposition is formed through
ametallic alloy composed by nickel and phosphorus, but the
possibilities of combining different elements are quite large'.

One of the greatest advantages of the electroless method
in comparison of all types of electrodeposited process is
related to absence of electricity resulting in a homogeneous
deposit covering all the substrate surface at the same level
so that eliminating the electrostatic effect that has been
verified in coated parts containing sharp edges. In addition,
during the hard chromium electrodeposition an intensive
reaction involving the release of hydrogen is often observed
leading to formation of a micro crack network along the
coating, consequently reducing important properties such
as corrosion resistance®*.

The microstructure of the Ni-P deposit is quite dependent of
the phosphorus content and their properties change drastically
as well. Several studies have reported that increasing the
phosphorus amount above values of 9%P wt., the tendency
of an amorphous structure formation is increased, leading
to a higher corrosion resistance’'2. Studies have observed
that with appropriate heat treatment (transformation occurred
around 340°C) the metastable amorphous structure could be
transformed into an equilibrium fully crystalline structure
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composed by Ni,P and nickel crystallites, so that enhancing
hardness and corrosion resistance'*?'. TAHERI* has also
verified that the higher the content of phosphorus, the greater
the formation of Ni,P precipitates.

The most of the studies have found that the ideal heat
treatment condition in terms of hardness and wear is achieved
when heated at 400°C during 1 hour holding time!®1416.18.22,
This condition is proved to reach the structural stability. Some
authors have observed the formation of NiO phase when the
temperature overtake 450°C, reducing the wear resistance
of the Ni-P coatings'*#. It is consensus that relative high
holding times (1 hour for instance) at temperatures above
450°C makes a coarsening effect of nickel phosphides and
nickel crystallites leading to an increasing mass loss during
wear tests'®*26, In this same temperature a study has found
that when the coating is applied to an aluminum based alloy
substrate, reactions between the deposit and base material
lies just at the interface region, producing intermetallic
compounds leading to a reduction in the wear resistance’.
Investigations have reported that heat treatments carrying
out at temperatures below to 300°C cannot provide benefits
in terms of wear probably due to do not reach the structural
transformation temperature'$2°23,

In this present work, an attempt to improve the wear
resistance of autocatalytic Ni-P coatings through adequate
heat treatment was performed. In addition, it is expected
that heat treated Ni-P coatings could present higher wear
behaviour than hard chromium deposits. Nickel-phosphorus
and hard chromium coatings which were deposited on a
martensitic stainless steel SAE HNV3 were conducted to an
unlubricated “ball on plate” wear test, and the results were
then compared to their microstructural changes which were
evaluated by different analytic methods.

2. Materials and Methods

2.1. Coating preparation

Ni-P coating were deposited on a martensitic stainless-
steel SAE HNV3 substrate. Prior to the deposition, all
samples were degreased by an immersion in a KOH alkaline
solution for 10 minutes. After that, in order to improve the
adhesion, the samples were superficially activated using
H,SO, 5% for 2 minutes and then were conducted to the
acid plating solution. A commercial Ni-P electroless plating
bath (NICHEM 2100 PLUS - ATOTECH) with sodium
hypophosphite as reducing agent was used to obtain the
coatings. The pH of the plating solution was kept at 4.8 and
the temperature deposition was adjusted to 88°C. The Ni**
solution concentration was kept at 5.6 g/L and the loading
ratio was fixed at 1.25 dm?/L. All of these parameters were
adjusted to produce a high phosphorus electroless coating.
The plating time was 25 minutes.

Heat treatments of the as-deposited Ni-P coatings on
the stainless-steel substrate were carried out in an electric
furnace. The coatings were isothermally heat-treated for 1
hour at two different temperatures, i.e. 400°C and 500°C.
The heat treatment temperature of 320°C was also used,
but with a holding time of 9 hours. The reason is that the
crystallization temperature range lies between 320°C and
360°C, so that only 1 hour could be insufficient to complete
the phase transformation. At the end of the heat treatments,
the specimens were cooled down at the air.

Hard chromium coatings were obtained purchasing
automotive parts (diesel engine exhaust valves) from a
current supplier of these parts to the automotive industry.
The exhaust valve is produced with the same substrate of
those used to autocatalytic Ni-P deposit (stainless steel
SAE HNV3).

2.2. Coating characterization

Phosphorus content of the Ni-P samples was determined
by energy dispersive X-ray spectroscopy (EDS) using a
scanning electron microscope (SEM). The thickness of the
Ni-P and hard chromium coatings was evaluated by an optical
microscope (MO) through the cross-sectioned samples.
The cut-off length was fixed at 5 x 0.8 mm. Phosphorus
content and coating thickness of the as-deposited Ni-P and
hard chromium as well as the heat-treated samples data are
exposed in Table 1.

Table 1. Electroless Ni-P and hard chromium coatings characteristics.

Sample P}gSﬁ g;lrtus Coating Thickness
Hard chromium - 50 um = 0.1 um
EN as-deposited 9.4% 57 um+ 0.3 pm

EN 320-9 9.1% 6.2 um =+ 0.2 pm
EN 400 - 1 10.1% 52 pm=+0.4 pum
EN 500 - 1 9.9% 6.4 pum =+ 0.3 pm

In the case of the Ni-P samples, surface roughness average
(Ra) was measured prior and after the deposition process
using a portable surface roughness tester Digimess 200.400.

Differential scanning calorimetry (DSC) experiment
was carried out using a heat flux DSC Netzsch Pegasus
404 F1 equipment in a range of temperature between 20°C
to 500°C. The heating rate used was limited to 10K/s and
the atmosphere of the test was composed by N./O,. The as-
deposited Ni-P coating was mechanically removed so that
was conducted to DSC tester in the powder form.

X-Ray diffraction (XRD) was used to investigate the
structural evolution of Ni-P coatings (i.e. as-deposited and
heat-treated). The measurements were performed on a Philips
X’Pert diffractometer using Cu Ko radiation. The treatment
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of'the results obtained by the XRD analysis were performed
using the X’Pert High Score Plus crystallographic software.

Wear tests were carried out on an unlubricated ball-on-
plate system using a CETR sliding tester. The coefficient
of friction (COF) was real time monitored with a computer
interfaced data acquisition system. As a counter face, an
AL O, ball (4.72 mm in diameter) was forced against the
surface coating and encouraged to slide on it keeping a
constant load of 6N. The linear displacement of the ball on
the coating surface was kept in 2 mm and the duration of the
test was fixed in 40 minutes. Once the tests were done, the
coatings were conducted to an optical microscope in order
to evaluate the width of the worn track.

3. Results and Discussion

3.1. Physical and microstructural evaluation

Whereas that the literature has found some potential
conditions of heat treatment of electroless Ni-P in terms of
wear resistance, the relationship between temperature and
time experimented in this paper was based through those
has been done so far. Moreover, a differential scanning
calorimetry (DSC) test was performed in Ni-P as-deposited
condition in order to verify the range of temperature when
structural modification occurs for this specific alloy. The
results obtained in this test are exposed in Figure 1.

Figure 1. DSC test in Ni-P as-deposited condition.

As can be observed from Figure 1, there is an exothermic
peak that takes place in the range of temperatures from
320°C to 360°C. This peak is massive referenced by several
authors'®2% as being the transformation of amorphous state
to a complete crystalline structure of the electroless Ni-P
alloys with high phosphorus content.

Figure 2 shows the structural evolution of electroless
Ni-P coatings as a function of heat treatment. As has already
been shown in several studies'’?>?, the structure of as-
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deposited Ni-P coating is amorphous, consisting basically
of a supersaturated solid solution of phosphorus in nickel
matrix. Only one broad diffraction peak was found around
20=~45° and is related as being the FCC nickel (111). When
heat treatments were performed, substantially differences can
be noted in the diffraction pattern. After annealing either at
320°C, or at 400°C and at 500°C the same behaviour was
observed. Firstly, the matrix is no longer the same of the
as-deposited Ni-P condition. Instead of the presence of a
FCC nickel broad diffraction peak, there was a combination
of two phases, namely FCC nickel (i.e. Ni (111) and (220))
and BCT nickel phosphide (Ni,P). It is confirmed by the
formation of sharp diffraction peaks at different 20 angles
that can be seen in the diffraction patterns leading to a
formation of a crystalline structure. Such characteristic was
already expected and is widely reported by the literature.
As reported by APACHITEY et al.'8, a segregation process
of phosphorus in the grain boundaries and triple junctions
of Ni-P grains occurs with increasing temperature, leading
to a formation of P-rich zones. Precipitation of Ni,P phase
occurs when P-rich zones exceed a certain phosphorus limit,
around eutectic concentration (i.e. 11 wt.% P). There is also
evidence that Ni,P precipitates are preferentially located at
the grain boundaries and triple junctions.

3.2. Tribological evaluation

Surface roughness is quite important when friction and
wear behaviour are evaluated in metallic coatings. Usually,
the higher the value of surface roughness, the higher is the
friction coefficient and the reason is related to the movement
obstruction when two bodies are under mutual contact*?, In
Figure 3 are exposed the results obtained after measurement
of surface roughness. It can be noted that in comparison to
substrate there was a reduction verified for Ni-P coatings.
It can be explained by the fact that electroless coatings are
deposited homogeneously on the material base acting as a
sealant in areas with elevated average roughness. This fact
has already been cited by LEE et al.” and VITRY et al.*. For
the hard chromium coating, the effect was opposite. Most
of this result can be related to electrostatic effect caused by
the electroplated process, where regions with sharp edges
are covered at different levels and consequently improving
the average surface roughness.

In Figure 4 are exposed the results obtained after the
unlubricated “ball on plate” wear test. These results are
represented through the variation of the friction coefficient
(COF) along the time using an alumina ball as the counter-face.

Higher COF values generally represent unfavorable
results in terms of wear resistance. The friction coefficient for
heat treated Ni-P deposits presented better results than those
obtained by the Ni-P coating in as-deposited condition. In
addition, all of the Ni-P heat treated coatings showed better
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Figure 2. XRD patterns for electroless Ni-P coatings at different heat treatment conditions: a) EN as-deposited; b) EN

320-9; ¢) EN 400-1; d) EN 500-1.

Figure 3. Average surface roughness for Ni-P and hard chromium
coatings.

Figure 4. COF curves for all the specimens.

results in comparison with hard chromium specimen, with
exception to as-deposited condition.

Heat treatments conducted at 320° and 400°C showed
the lowest COF after “ball-on-plate” test, indicating these
temperatures as being appropriate when wear resistance is
mandatory. At the beginning of the test, the COF values
for these two heat treatment temperatures were found to be
0.2, reaching the same value that several studies'*!®? with
respect to electroless nickel-phosphorus have already found.
At the end of the test, COF values were found to be 0.5
and 0.55, respectively, after a gradual increase throughout
the time. Even 500°C condition improved the COF value
in comparison with Ni-P as deposited, reaching values of
0.65, and differing by their sharply increase.

The Ni-P as-deposited condition showed final COF
values around 0.8, probably reaching the substrate. It can
be deducted by analyzing the COF curve after 1100 seconds
from the beginning of the test, when an abrupt decrease can
be observed suggesting the rupture of the deposit. According
to PALANIAPPA et al.?*, the decreasing of COF values in
electroless nickel-phosphorus alloys after heat treatment is
explained by the formation of a thin layer of nickel oxide
(NiO) at the coating surface that acts as natural lubricant.
According to MA et al.”’, nickel oxide is formed due to relative
high temperature experienced during the heat treatment and
its formation occurs only in uncontrolled atmosphere furnace.

Hard chromium coating assumed values of COF around
0.6 at the end of the wear test. Moreover, it can be noted a
considerable oscillation when the COF reached 0.5 indicating
that at this moment a third body intruded into coating and
counter-face system, probably due to the rupture of the
deposit. The higher value of COF found for hard chromium
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coating in comparison with the Ni-P heat treated conditions
can also be attributed to their higher surface roughness,
once the wear test was carried out in dry condition so that
favoring the creation of high local pressure areas. Similar
behaviour has found by BALAMURUGAN et al.* when
compared hard chromium with plasma sprayed WC coating.

In order to understand the wear mechanisms of the
coatings after the “ball-on-plate” test, wear track patterns
were evaluated using optical and scanning microscopy
techniques. The width of the wear track was also measured
in order to compare among the different specimens assuming
that the wider the worn track, the higher the wear rate. This
conclusion is easy to understand by the fact that, keeping
constant all the parameters in the “ball-on-plate” test, the
indentation of the ball onto the sample will be deeper and
wider for less wear resistant specimens.

Analyzing the worn surface for the Ni-P as-deposited
condition, a huge amount of abrasive scratches can be
seen (Figures 5a) indicating the presence of abrasive wear
mechanism. It is also possible to observe the presence of
adhered material at the counter-face (Figure 5b), leading to
a conclusion that adhesive wear mechanism is also present.
This result was already expected when two metallic materials
are placed in contact?”’. The width of the worn track was
found as 463 pm.
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The improvement in the wear behaviour of the heat
treatments that has been verified in COF curves is also
present when analyzing the wear track patterns. For the
320°C Ni-P heat treatment condition, a sharply reduction
in the number of scratches (Figure 6a) and in the amount of
adhered material (Figure 6b) were verified in comparison of
Ni-P as-deposited. In addition, the width of the worn track
was quite less than Ni-P as-deposited condition, reaching
values of 168 um.

Similar characteristic was observed for 400°C heat
treatment condition. A huge reduction in the scratches
(Figure 7a) and adhered material (Figure 7b), and in the
width of the worn track (164 pm) was detected. These results
are directly correlated to COF values obtained in the “ball
on plate” test, when 320°C and 400°C conditions showed
similar COF results.

The width of the worn track for 500°C condition showed
values around to 204 pm and represents a slightly decrease
in terms of wear behaviour in comparison to other two heat
treatment conditions. Moreover, the amount of scratches
(Figure 8a) is superior when compared to 320°C and 400°C
conditions and reflects the values of COF that have been
found in the wear test.

‘When the wear behaviour is analyzed for hard chromium
specimen, it is noted a similar characteristic to Ni-P as-

Figure 6. Worn track for the EN 320-9 condition: a) wear pattern; b) counter-face aspect.
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dhered Material

Figure 8. Worn track for the Ni-P 500-1 condition: a) wear pattern; b) counter-face aspect.

deposited condition. Wear scratches are clearly evidenced
(Figure 9a) as well as the adhered material at the counter-face
(Figure 9b). In addition, the width of the worn track is much
higher when compared to Ni-P heat treated samples (404 pm).

A direct relationship among friction coefficient, amount
of wear scratches and width of the worn track was clearly
observed in this study. The higher the COF value, the higher
the amount of abrasive scratches and wider is the worn track.
This trend was already expected for Ni-P and hard chromium
coatings and it is useful to evaluate their wear behaviour.
Several authors have already noticed better wear performance
in Ni-P samples after heat treatment®!3?*, but these results
when compared to hard chromium were unexpected due to
well-known high hardness. Hence, not taking into account
the lowest values of surface roughness for Ni-P coatings, it
can be assumed that heat treated Ni-P deposits have equal
or even higher mechanical properties than hard chromium.

Analyzing the width of worn track, Ni-P heat treated
coatings showed higher wear resistance when compared to
hard chromium and untreated Ni-P deposits. It is consensus
that the transformation of metastable phase composed by
phosphorus supersatured solid solution in nickel matrix in
Ni,P precipitates and Ni crystallites is the responsible for
the improvement in hardness and consequently in wear

behaviour'®2*2331 The reason for the 500°C and 1 hour
holding time condition showed a slightly reduction in the
wear behaviour in comparison to another heat treatment
conditions can be explained by the fact that the temperature of
the heat treatment is superior, providing a growth in the Ni,P
precipitates and Ni crystallites's*, consequently reducing the
mechanical properties of the coating. Even so, this result is
better than Ni-P as-deposited condition. Has also been cited
that when holding Ni-P alloys in temperatures above 450°C
can occur a diffusion of chemical elements from substrate in
direction to the coating leading to a formation of intermetallic
phases’ so that decreasing the mechanical properties.

In relation to the wear mechanisms it is clear that abrasive
is the main component acting in the system, although adhesive
wear is also present. For the heat treated Ni-P samples, this
fact can be related to the presence of the hard particles of
Ni,P which acts as third body at the contact surface during
the wear test*>. For the Ni-P as-deposited condition and
hard chromium specimens, this fact can be attributed to the
rupture of the film verified in the COF curves during the
“ball on plate” test. In addition, in all samples the difference
in terms of hardness between the counter-face (alumina)
and the deposit is high, favoring an abrasive mechanism?’.
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Figure 9. Worn track for the hard chromium specimen: a) wear pattern; b) counter-face aspect.
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Figure 10. EDS analysis of the wear track: a) EN as-deposited; b) EN 320-9; ¢) EN 400-1; d) EN 500-1; ) hard chromium.

Energy dispersive scanning analysis was performed
inside the wear track in order to evaluate if the counter-face
reach the substrate. Once iron is only found in the substrate,
the presence of this element would indicate the complete
rupture of the deposit. As can be seen in Figure 10, the spectra
obtained via EDS shows that only Ni-P as-deposited and
hard chromium coatings reached the substrate, confirming
the results that have been explained above when the wear
rate was higher for these cases.

4. Conclusions

In fact, heat treatments performed in Ni-P coatings
considerably improve the wear resistance of the deposits.

Heat treatment conditions of 320°C with holding time of 9
hours and 400°C with holding time of 1 hour showed the
best results in terms of wear behaviour, probably due to
microstructural transformation from amorphous to Ni,P
precipitates and Ni crystallites and by the formation of
oxide at the coating surface. If compared to hard chromium
coating, Ni-P deposits showed huge improvement in terms
of wear, especially those that experienced heat treatments
at 320°C and 400°C. Ni-P as-deposited coating showed
similar behaviour to hard chromium deposit, indicating
that crystalline structure formed in Ni-P coatings after
heat treatment is crucial to improve their wear properties.
Apparently, unlubricated conditions used for the “ball on
plate” wear test were unfavorable for the hard chromium
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deposit, whereas this coating was found to have higher

average surface roughness.

The wear tests showed that both abrasive and adhesive

wear mechanism acts in Ni-P and hard chromium coatings

when tested against alumina counter-face, even tough abrasive

mechanism is more pronounced in all cases.
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