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Increasing concern over toxic wastes produced by nickel-chromium (Ni-Cr) plating industries
has resulted in strong research efforts to replace conventional plating by physical vapour
deposition techniques like evaporation and sputtering. Ni-Cr coatings on mild steel substrates
produced by an electron beam evaporation process with layer thickness of ~8-10 pm have been
investigated with regard to the structural and corrosion properties. The structure of the coating
was evaluated by X-ray diffractometer (XRD). The (110) Cr and (200) Ni predominant peaks with
the crystallite size in the range of 25-30 nm was observed from XRD pattern. The electrochemical
polarisation studies performed on samples showed the corrosion resistant nature of the
evaporated Cr coating with Ni underlayer on mild steel substrates. Atomic force microscopy
(AFM) and scanning electron microscopy (SEM) were used to investigate the surface
characteristics of the samples before and after the electrochemical corrosion tests. The localised
corrosion through a micropore in the evaporated Cr deposit and its penetration to the Ni layer was
observed from SEM. The smaller change in roughness observed from AFM reflects the resistance

of this coating to corrosion breakdown.
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Introduction

In the nickel/chromium electroplating systems, the nickel
plate is used principally as bright coating underneath a
much thinner chromium electroplate thus providing a
highly lustrous and corrosion protective finish for
articles such as steel, brass and zinc based die casting.l
Decorative nickel plating processes produce mirror
bright and highly levelled deposits which improve the
appearance of polished steel significantly. The degree of
improvement in corrosion performance is being appre-
ciated because modern, decorative, electroplated nickel
plus chromium coatings protect steel from corrosion.’
Electrodeposition of chromium-nickel compositionally
modulated multilayers (CMM) from a trivalent chro-
mium bath exhibited improved corrosion and wear
resistance.” When chromium deposits are used with
nickel undercoats of suitable thickness, steel substrates
can be protected for long periods of outdoor atmo-
spheric exposure. The occurrence of localised corrosion
causes the decorative appearance of the deposited article
to be unacceptable.*

Nickel and chromium deposits are usually relatively
hard and their hardness generally exceeds that of
the metal under the cold worked condition.® High
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temperature oxidation and wear of heat transfer tubes
and other structural materials used in cold fired boilers
are recognised as being the main causes of downtime in
power generation plant, and account for 50-75% of the
arrest time.” Ni-Cr coatings are mainly used in order to
drastically decrease the oxidation and gas corrosion of
different metallic substrates.®

Traditional chromium deposits are produced from
chemical baths containing hexavalent chromium ions
(Cr®*). Chromium(VI) electroplating processes produce
large volumes of chromium contaminated toxic waste,
air pollution and water contamination which can result
in a significant induction of cytogenetic damage in
electroplating workers® and a clear genotoxic effect
associated with occupational exposure to chromium.'

Physical vapour deposition (PVD) processes avoid
poliution problems associated with electrodeposited
chrome and also the hydrogen embrittlement associated
with plating. The PVD coating method has the flexibility
to tune the coating properties by changing composition,
creating multilayers, adjusting the mechanical properties
and influencing the microstructure.'!!?

In the present paper, the corrosion behaviour of
Ni-Cr electron beam (EB) evaporated coatings was
evaluated using standard three electrode electrochemical
cell measurements. Surface morphology of the samples,
before and after the corrosion tests, was studied through
the use of scanning electron microscopy (SEM) and
atomic force microscopy (AFM).



Experimental

Nickel and chromium of ~10 pm thickness were
sequentially EB evaporated onto ultrasonically cleaned
low carbon steel substrates in a vacuum of ~ 10~ mbar
in a vacuum coating unit (12” Hind Hi Vac). The
optimised process parameters are shown in Table 1.

Coatings were analysed for crystallographic structure
by a JEOL JDX 803 a X-ray diffractometer (XRD)
using Cu K, line. The microstructure of these coatings
was examined using Hitachi S 3000H SEM and
molecular imaging AFM. The Vickers’ hardness of
sample used in the present investigation was determined
using a microhardness testing machine Leco DM 400.

The thickness of the coatings was measured using
Mitutyo profilometer. Profilometer is useful for measur-
ing surface roughness profiles of coatings. However,
they can be used to measure the step height between
substrate and the adjacent coating. A stylus is drawn
across the step from the substrate to the coating and
both the vertical and horizontal motion of the stylus is
amplified and recorded. A region of the mild steel
substrate was masked before evaporating the elements.

Electrochemical polarisation studies were carried out
on 10 x 10 x 2 mm thick Ni-Cr coated test coupons using
BAS IME electrochemical analyser. Experiments were
conducted using the standard three electrode configura-
tion, saturated calomel as a reference electrode with a
platinum foil as a counter electrode and the sample as a
working electrode. Specimen (0-5 cm? exposed area) was
immersed in the test solution of 3-5%NaCl. Experiments
were carried out at room temperature (25°C).

Results and discussion

Structural and microstructure analysis

The XRD patterns showed polycrystalline nature with
(110) Cr and (200) Ni predominant peaks as shown in
Fig. 1a for the as prepared sample.

The observed d values are in good agreement with that
of standards obtained from JCPDS as listed in Table 2.
The particle size D was calculated from line broadening
B, under the simple assumption that line broadening is
caused by the particle size alone'?

D=(094/Bcos ) M

here A is the X-ray wavelength (1-514 A for Cu K,) and ¢
is the Bragg angle.

The crystallite sizes were determined in the range of
25-30 nm for NiCr layers on low carbon steel sub-
strates. The XRD pattern obtained for the sample
after performing the electrochemical corrosion test in
3-5% wiv NaCl solution is shown in Fig. 1. Reduction
in (110) Cr intensity and sharp rise in (200) Ni peak as

Table 1 Evaporation parameter for Ni-Cr deposition

Parameter Optimised value

Ultimate vacuum, mbar 1x1078

Evaporant materials Ni and Cr (purity 99-9%)
Distance between source and 290

substrate, mm

Substrate temperature, °C RT 28+0°'5
Potential, kV 56
Current, mA 50

Duration of Ni evaporation, min 30
Duration of Cr evaporation, min 5
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1 X-ray diffraction obtained for a as evaporated sample
and b after accelerated corrosion tests in 3-5% wiv
NaCl solution at 25°C

shown in Fig. 1b are due to the formation of pits and
exposure of the Ni underlayer. This is because of the
penetration of corrosion through micropores as
observed from SEM and AFM analysis discussed later
in the present paper.

Thickness and composition of coating

For the measurement of layer thickness XRF was used as
a fast method, providing an estimate of the average layer
thickness over an area of ~2 mm? after calibration with
specimens of known layer thickness. The thickness value
of 10-5 um was measured for the Ni—Cr coating prepared
under optimised conditions. The thickness values of
9-1 um for the evaporated Ni and 10:66 pm for the Cr
overlay and underlying Ni were obtained using profil-
ometer as shown in Fig. 2 which is in good agreement
with the value of 10-5 um obtained from XRF.

The Ni-Cr evaporated samples were bent through
an angle of 180° repeatedly as required by BS 5411
standards and found no lifting or peeling which showed
good adhesion of the coatings to the substrates. Figure 3
shows the XRF spectrum of the sample.

The chemical analysis of Fig. 3 gave the following
composition: 7INi-22-3Cr-3-1Fe (wt-%). The presence
of Fe is due to the substrate.

Potentiodynamic polarisation and AC
impedance spectroscopy
Typical polarisation curves obtained for the corrosion
behaviour of the Ni-Cr evaporated mild steel samples
are shown in Fig. 4.

Table 3 includes the values of the corrosion potential
E_..r, the corrosion current density Ic.,,, the anodic and
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3 XRF analysis of as evaporated Ni—Cr sample

cathodic Tafel slopes during polarisation in 3-5% wi/v
NaCl and the corrosion rate.

E.,.r and I, values improve a lower negative value
of E., and lower value of I ., signifies an improvement
in corrosion for Cr evaporation with Ni underlayer onto
mild steel substrates. This may also be due to higher
coating thickness which leads to a decrease in the
porosity, an increase in nucleation sites and a decrease in
entrapped gaseous impurities.

Table 2 Comparison of d values from XRD pattern
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4 Polarisation studies of a pure mild steel, b nickel/mild
steel and ¢ chromium over nickel/mild steel in 3-5% w/
v NaCl solution at 25°C

The same three electrode cell assembly, as used
for the potentiodynamic polarisation experiments, was
employed for the AC impedance investigations.
Impedance measurements were made at open circuit
potential (OCP) applying an AC signal of 10 mV in the
frequency range 10 Hz-1 MHz. The Nyquist plots for
the samples used for corrosion tests in 3-5% w/v NaCl
solution are shown in Fig. 5.

The semicircular region is more pronounced in the
case of Cr evaporated sample with Ni underlayer on
mild steel substrates indicating that the samples has
maximum corrosion resistance as observed from the
high frequency region of the impedance spectra. The
same trend is also observed as shown in Fig. 6 which is
the Bode plot taken for these samples. The charge
transfer resistance R, and double layer capacitance Cg
values are given in Table 4.

It is observed that there is a notable increase in R
and a decrease in Cgy for the Cr evaporated mild steel
sample with Ni underlayer showing that the deposit is
highly corrosion resistant.

It is observed that the diffusion coefficient of the
chloride ions is minimum for Cr overcoat compared
with evaporated Ni and pure mild steel substrate. This

Samples dobserveds NM dstandards NM hKl Relative intensity, % Phase

As prepared sample 2:049 2:044 (110) 1000 Cr
1-772 1-764 (200) 195 Ni
1:440 1-442 (211) 27 Cr
1-250 1-240 (220) 326 Ni

Corrosion tested sample 2052 2:044 (110) 717 Cr
1:773 1-764 (200) 100-0 Ni
1-254 1-240 (220) 099 Ni

Table 3 Corrosion parameters obtained from polarisation studies in 3-:5% w/v NaCl

Tafel slope
ba be
Sample Econ versus SCE, mV V/decade V/decade Ioore cathodic, mA cm™2
Pure mild steel —685 008 —0-30 826
Nickel on mild steel —587 007 —0-53 384
Chromium over nickel/mild steel -535 0:06 —-042 1-01
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5 Nyquist plots for corrosion of a pure mild steel, b
nicketmild steel and ¢ chromium over nickeVmild steel
in 3-5% w/v NaCl solution at 25°C
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6 Bode plots for corrosion of a pure mild steel, b nickel/
mild steel and ¢ chromium over nickel/mild steel in
3:5% w/v NaCl solution at 25°C

trend again shows that the evaporated Cr with Ni
underlayer is highly corrosion resistant.

Scanning electron microscopy surface
characterisation

Using SEM, larger surface area is available for
examination thereby reducing the timescale needed to
examine the surface for surface damage compared with

7 Images (SEM) showing a as evaporated sample and b
after accelerated corrosion tests in 3.5% w/ NaCl
solution at 25°C

AFM. The surface of as prepared Ni-Cr sample is
shown in Fig. 7a.

Fine grain structure with few microcracks on the
surface was observed. When observing the corroded
surface of evaporated sample, the majority of the surface
was unaffected by the accelerated corrosion test in 3-5%
wiv NaCl solution and only a few isolated pits having
diameters ~ 60-80 um were found as shown in Fig. 7b.
Here localised corrosion has taken place through a
micropore in the evaporated Cr deposit where corrosion
penetrates to the Ni layer and then spreads laterally. A
closer observation of this pit is shown in Fig. 7c.

Pits or blisters containing corrosion products lead to the
removal of the deposits and the formation of deep craters.

Atomic force microscopy surface analysis

Figure 8 shows the representative AFM scans over an
area of 5x5um on EB evaporated Ni-Cr coatings
before and after accelerated electrochemical corrosion

Table 4 Corrosion parameters obtained from impedance measurements by Nyquist plots

Sample OCP versus SCE, mV R, O cm? Ca, Farads cm™2
Mild steel panel N —674 246 512x1073
Nicke) on mild stee! -590 510 611107
Chromium over nickel/mild steel -530 2500 8:01%x107°




8 Images (AFM) (scan size 5x5 pm) showing topography of mild steel substrate of 2 as evaporated sample and b after
accelerated corrosion tests in 3-5% w/v NaCl solution at 25°C

Table 5 Hardness and RMS roughness of samples

RMS roughness, nm

Test sample Hardness Before corrosion tests After corrosion tests
MS substrate 360 115 32:0
As prepared Ni-Cr sample 489 63 92

tests. The as evaporated sample revealed no visible
damage on the surface as shown in Fig. 8a.

The observation of sample following accelerated corro-
sion testing revealed few pits and the AFM morphology of
a typical pit on the surface is shown in Fig. 8.

The localised pitting corrosion is the method of
attack.!’ The propagation of this pit may finally
coalesced to form large and deep craters resulting in
the eventual failure of the deposit.

Root mean squara (RMS) roughness of the sample
following accelerated corrosion testing was found to
increase slightly whereas a greater change in roughness
value was observed for mild steel substrate as shown in
Table 5. Also a considerable change in hardness was
observed for these coatings on mild steel substrates.

The smaller change in RMS roughness for the
evaporated Ni—-Cr sample reflects the resistance of this
coating to corrosion breakdown.

Conclusion

Strongly adherent Ni-Cr deposits were evaporated onto
mild steel substrates. The morphology of the as
evaporated and accelerated corrosion tested samples
was examined by SEM and AFM. The increase in
roughness for the samples after the corrosion tests was

attributed to the pit formation. The electrochemical
polarisation studies performed on the evaporated Cr
coating with Ni underlayer on mild steel substrates
showed higher corrosion resistance than the corrosion
resistance values for bare mild steel as well as nickel
coated mild steel surface.
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