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Abstract: Good mechanical properties combined with out-
standing corrosion-resistance properties of cast nickel-
aluminum bronze (NAB) alloy lead to be a specific material
for many marine applications, including ship propellers.
However, the erosion-corrosion resistance of cast-NAB
alloy is not as good as wrought NAB alloy. Hence, in this
investigation, an attempt has been made to improve the
erosion-corrosion resistance of cast NAB alloy by depos-
iting wrought (extruded) NAB alloy applying the friction
surfacing (FS) technique. Erosion-corrosion tests were
carried out in slurries composed of sand particles of 3.5%
NaCl solution. Silica sand having a nominal size range of
250-355 um is used as an erodent. Specimens were tested
at 30° and 90° impingement angles. It is observed that the
erosion and erosion-corrosion resistance of friction sur-
faced NAB alloy exhibited an improvement as compared
to cast NAB alloy. Scanning electron microscope (SEM)
analysis showed that the erosion tracks developed on the
cast NAB alloy were wider and deeper than those formed
on the friction surfaced extruded NAB alloy.

Keywords: corrosion; erosion; friction; microstructure;
surfacing.

1 Introduction

Cast nickel-aluminum bronze (NAB) alloys are good candi-
date material for marine applications owing to its complex
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physical metallurgy and practical combination of strength,
toughness and corrosion resistance. Typical uses include
valve guides and seats in aircraft engines, corrosion-resist-
ant parts, bushings, gears, worms, pickling hooks and
baskets, and agitators. The common problem in cast NAB is
porosity which affects physical properties and offers poor
service performance. This consequently turns into large
sums invested in repairs or unscheduled stops, requiring
extensive expertise and significant resources to control [1].
Fusion welding (FW) is one method to eliminate porosity
but will result in its own defects. Surface engineering tech-
nologies enable advanced microstructural design, which
enhances the wear and corrosion properties of the final
products. Friction stir processing (FSP) is an alternative
method to control porosity and also improves the mechani-
cal properties of cast NAB [2-8].

Friction surfacing (FS) is a solid-state technology with
lots of scope in surface engineering due to fine-grained
coatings, which exhibit superior wear and corrosion prop-
erties. The coatings can be deposited at temperatures
lower than liquidus temperature of the deposited materi-
als. The sequence of the process is as follows (i) pressing
the rotating stud made by the metal to be deposited on the
substrate with certain pressure, (ii) holding for some time
to create shear deformation of the stud caused by decrease
in strength due to the frictional heat generated, and (iii)
translational movement of the rotating stud is achieved to
make the deposition of the plasticized stud. Here, for the
effective FS, the important process parameters are rota-
tional speed, traverse speed and normal pressure [9].

NAB alloys have up to 11% aluminum and a few percent
nickel and iron which assist in additional heat treatment
of these alloys, which already have a combination of good
corrosion properties in sea water, their resistance against
cavitation erosion (e.g. for ship propellers) and their satis-
factory mechanical properties [10]. Cast NAB alloys posses
an inhomogeneous copper-rich o-phase/B-phase and pre-
cipitates like K, through K, due to iron and/or nickel exist-
ence with these alloys [11]. Many surface modifications
were attempted like laser, induction and flame hardening
to improve material properties of the cast components,
but these techniques mainly concentrated to increase in
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hardness on the surface. Microstructural modifications
and its effect on failure due to corrosion as well as erosion
reported that the failure often begins at interfaces between
different phases [12-15].

It was demonstrated that FSP is a reliable method
for surface treatment of cast NAB components [16]. Even
where new material has to be added, repairing of castings
and worn or damaged surfaces, the previously methods
may not be the most suitable. FW is also employed in
repairing cast components [17, 18]. FS will be a useful alter-
native to deposit one metal over another with a favorable
microstructure and ease of underwater surfacing feasibil-
ity. Hanke et al. [19] investigated the cavitation erosion
mechanisms of NAB coating layers deposited by FS on
plates of the same material. Preliminary studies on the
similar deposition by FS of steels [20], aluminum alloys
[21, 22] and titanium alloy [23] have been reported.

FS does not involve melting any material, but involves
a high degree of shear deformation and simultaneously
rapid heating and cooling leading to grain refinement and a
homogenized microstructure by dynamic recrystallization
[24]. Although the corrosion behavior of NAB was studied
extensively, the available literature on erosion-corrosion
behavior of friction surfaced NAB is very limited. This paper
reveals the erosion-corrosion behavior of extruded NAB
friction surfaced coatings on a cast NAB substrate.

2 Materials and experimental
methods

FS was performed using ¢ 20 mm and 70 mm length
extruded NAB mechtrode on cast NAB substrate plates of
size 150 mmx150 mmx10 mm. The chemical composition of
the materials used is given in Table 1. The plates to be sur-
faced were ground with 120-grit abrasive paper and degreas-
ing with acetone. A fully computerized numerical controlled
(CNC) friction stir welding (FSW) machine (RV Machine
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Table 1: Chemical composition of cast% of substrate and mechtrode
material.

Element Cu Al Ni Fe Mn Si
Substrate 81.6 10.10 3.78 4.01 0.30 0.16 (max)
Mechtrode 80.9 10.20 3.77 4.6 0.27 0.17

tools, Coimbatore, Tamilnadu, India) was used to perform
the surfacing. The parameters used for surfacing are 200
mm/min traverse speed, 60 mm/min plunge speed and rota-
tional speed of the studs of 2500 rpm rotational speed of the
studs. Single layer surfacing deposit was considered in this
study. The coating produced by the FS sample of deposition
stage and coating is shown in Figure 1A and B.

2.1 Slurry erosion test

Figure 2 represents the specially designed test rig to
conduct slurry erosion tests. Slurry erosion corrosion test
equipment is built in-house with AC-Gill Photentiostat
supplied by Wear and Friction Tech, Chennai, India. This
machine is capable of controlling the parameters like
impact velocity (v), angle of impingement (h), mass flux rate
(m), particle size (S) and distribution (d), and standoff dis-
tance between the nozzle outlet and target surface individu-
ally. Slurry erosion testing was conducted as per the ASTM
G-73 standard procedure. Specimens were cut into a size of
10 mm diameter, 10 mm thick by using a wire cut electrical
discharge machining (EDM) (Electronica-Pune, Maharsh-
tra, India). Samples were polished with 2500-grid emery
papers over the roughly finished surface. The samples pre-
pared for slurry erosion-corrosion for substrate and friction
surfaced samples are shown in Figure 3. Prior to testing, all
the samples, surfaced as well as unsurfaced, were ground
using emery papers up to 1500 grit size. Then, those were
polished using 1-um alumina slurry paste on a disc polish-
ing machine (Metatech-Industries, Pune, Maharashtra,

Figure 1: Friction surfaced sample.
(A) Deposition stage, (B) coating.
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India). A precision weighing balance with an accuracy of
0.0001 mg was used to measure mass loss measurements.
After initial tests, an increase in weight was observed due
to the addition of corrosion products. So in order to remove
those corrosion products, samples were washed with water
combined with conc. HCl acid solution in the ratio of 2:1 and
dried in air before weight measurement.

3 Results

3.1 Erosion and corrosion

The weight loss of the substrate and friction surfaced
samples as a function of the impact angle in the pres-
ence of slurry was measured. It was noted that when the
impact angle increased from 30° to 90°, the weight loss is
decreased. Erosion rate is the difference between sample
weights before the test with sample weights after the test.
The corrosion rate was calculated from the formula (Eq. 1),
and erosion and corrosion rates of base metal for 30° and
90° angle of impact is given in Tables 2 and 3. Figure 4A
and B show the effect of impact angle on erosion-corro-
Figure 2: Erosion corrosion test rig. sion behavior of friction-surfaced NAB material. From

0.37 kW motor (hmax-2700 rpm)
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Figure 3: Erosion corrosion samples.
(A) Base metal, (B) friction surfaced samples.
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Table 2: Erosion and corrosion rate of substrate (base metal) material (cast NAB alloy).

S. No Angle Base metal weight Base metal weight Mass loss (g) Corrosion rate
(degree) before test (g) after test (g) (mm/year)
1 30 4.3510 4.3422 0.0088 90.7355

90 4.6559 4.6534 0.0025 25.7771
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Table 3: Erosion and corrosion rate of coating material, friction surfaced deposit (extruded NAB alloy).

S. No Angle Coated metal weight Coated metal weight Mass loss (g) Corrosion rate
(degree) before test (g) after test (g) (mm/year)
1 30 3.7395 3.7317 0.0078 80.4246
90 3.8997 3.8982 0.0015 15.4662
A B
0.01 0.0088 Mass loss = 100  90.7355 Corrosion rate (mm/year)
= g 80.4246
2 0.008 £ 80
a €
2 0.006 £ w0
17} 2
© ©
£ 40
= 0.004 0.0025 s 25.7771
0.002 0.0015 2 5 15.4662
H .
0| E _ O (I L
30 90 30 90
Angle (°) Angles (°)
W BM HCM N BM ECM
Figure 4: Bar chart shows the effect of impact angles in erosion rate (A) mass loss and (B) corrosion rate (CM-coated metal, BM-base metal).

Figure 4, it is observed that in both charts the erosion and
corrosion rate decreases at 90°, compared with 30°. For
the base metal, the corrosion and erosion rate is higher
than the coated samples (Figure 4B).

Corrosion rate=(KxW)/(AxTxD), 1)
where

K=constant (8.76x10%),

T=time of exposure in hours (1 h),

A=area in cm?,

W=mass loss in grams, and

D=density in g/cm’® (8.94 g/cm?).

The corrosion rate is measured in mm per year (mm/
year).

3.2 Evolution of microstructure

Figure 5A-F shows the optical micrographs of the sub-
strate (cast NAB), mechtrode (extruded NAB) and friction
surfaced zone. The cast NAB material has (Figure 5A) (i)
o-phase, (ii) B’-phase formed during solidification alter to
the FCC primary o-phase, (iii) globular kappa ¥, (Fe,Al)
(medium gray), (iv) fine x, precipitates which are also
nominally Fe Al and (v) eutectoid mixture of f trans-
formed —o+x,, phase of proeutectoid x, (NiAl) globular
morphology (dark gray).

Tool (mechtrode) material shows a Widmanstitten
pattern of microstructure (Figure 5B). The microstructure

consists of lamellar/few globular o-grains in addition to
some flakes of a-grains, surrounded by quenched 3-phase.
Close to the surface of the layer, the phase is of lamel-
lar shape. The friction surfaced interface microstructure
reveals the good bonding of these layers. Figure 5C shows
elongated o-grains mixed together with dark etching
B-transformed products. This is due to the severe plastic
deformation of the stir zone and experiencing a higher
temperature than 800°C leading to the eutectoid rever-
sion in to B-structure. In the unmixed friction surfaced
region (Figure 5D), the microstructure clearly unveils the
existence of o-grains (white needles) is smaller than that
in the as-cast condition, which is actually very fine as
compared to Figure 5B. This fine microstructure is due to
the hot forging nature of the FS process [3, 25]. In inter-
face locations, the microstructure comprises elongated
o-grains and B-grains, but the size of o-grains is greater
while the volume fraction of B-transformation products is
lesser as observed in Figure 5E. In other locations (Figure
5F), both o-grains and B-transformation products are
visible, but a-grains are highly deformed as compared to
Figure 5E.

After the erosion-corrosion test, the damaged sur-
faces of the specimens were examined by optical micros-
copy as shown in Figure 6A-D. It is noted that due to the
continuous impact of slurry on the samples, there was a
presence of corrosion pits on the surface of the samples.
It is observed that corrosion pits are more on the substrate
than the deposit in both 30° (Figure 6A and B) and 90°
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Figure 5: Optical microstructures of substrate, mechtrode and friction surfaced interfaces.

(A) Base material-cast NAB, (B) mechtrode-extruded NAB, (C) interface-friction surfacing and substrate, (D) unmixed friction surfacing,
(E) interface-friction surfacing and substrate, (F) interface-friction surfacing and substrate (o grains and  phase).

(Figure 6C and D). The number of corrosion pits is directly
proportional to the weight loss. This is the main reason
behind the weight loss of the samples after the test.

3.3 Scanning electron microscope (SEM)
results

Figure 7A reveals the SEM of sand particles used in
this study. The average silica sand before the test (size
range of 220-500 um) is shown in Figure 7A. It is noted
that the size of the sand particles decreases from the
nominal size range of 344 um-177 um (Figure 7B).

Due to the continuous impingement of sand particles
during testing, the sand particle size reduces. Using a
SEM, specimens tested at 30° and 90° were scanned on
the surfaces at 250x magnifications, and micrographs
are shown in Figure 8A-D. The base metal is heavily
eroded (Figure 8A) when compared with the coated
metal (Figure 8B). The corrosion products are formed all
over the surface of the base material (both in 90° and
30°), whereas in coated sample, corrosion products are
formed in selected areas only (Figure 8B and D). The
rough surfaces are an indication of erosion. The white
form or bright areas in the images shown in the figure
represent the corrosion products. It is also noted that the
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Figure 6: Optical microstructure of erosion corrosion.
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(A) Base metal at 30°, (B) base metal at 90°, (C) friction surfaced at 30°, (D) friction surfaced at 90°.
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Figure 7: Scanning electron micrograph of silica sand.
(A) Before erosion corrosion test, (B) after erosion corrosion test.

corrosion products are more in 90° substrate samples
compared with 90° friction surfaced deposit samples as
shown in Figure 8C and D.

3.4 Pitting corrosion

Conjoint effect of erosion and corrosion behavior of fric-
tion surface and the base metal of NAB alloy is shown in

o
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Figure 9A-D. From the pitting results, typical polarization
curves are generated from impact angles of 30° and 90°,
respectively. The respective Icorr value and rest potential
are noted from the result generated by the software. It is
noted that the corrosion rate is increased in 90° samples
compared with 30° samples. The corrosion rate of coated
samples decreases when compared with the base metal
samples. The result generated by potentiostat is tabulated
in Table 4.
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Figure 8: Effect of impact angle on erosion-corrosion morphology.
(A) Base metal at 30°, (B) coating at 30°, (C) base metal at 90°, (D) coating at 90°.
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Figure 9: Polarization curve.
(A) 30° friction surfaced, (B) 30° base metal, (C) 90° friction surfaced, (D) 90° base metal.
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Table 4: Corrosion parameter of substrate and deposit material.
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Angle of impingement Material Rest potential (V) Icorr (mA/cm?) Corrosion rate (mm/year)
30° Substrate 344.49381 0.0003433 0.3074438
30° Deposit -407.14372 3.218E-05 0.0288237
90° Substrate -543.07946 0.0073212 6.5573572
90° Deposit -232.53697 1.932E-07 0.0001566

4 Discussions

The types of erosion mode shown by the friction surfaced
coatings were identified by the values of impact angles.
Materials that show low erosion rates at high impinge-
ment angle (90°) fall under the category of impact mode
of erosion materials. If the maximum erosion rate is
shown at 30°, then the material belongs to the category
of shear mode materials [26]. At low impact angle, i.e. 30°,
shear stress is dominant, and at 90°, the impact stress
becomes dominant [27]. From the erosion-corrosion test
results, it is inferred that NAB shows brittle/shear mode
of erosion. From the optical micrographs, it is understood
that as-cast microstructure of a substrate contains coarse
grains, whereas in deposits, it contains a fine homogene-
ous microstructure. It is mainly due to grain refinement by
FS. This fine microstructure in deposits can be achieved
by stirring action of mechtrode with the substrate [28].
The SEM study in Figure 8 shows that the NAB surface
corrosion was initially confined to the eutectoid regions
with a slight attack of the copper rich o-phase within the
o+K eutectoid. While the eutectoid o-phase was preferen-
tially attacked, the o-grains show very little attack; thisis a
form of selective phase corrosion [9, 28]. The accumulation
of Cu,0 deposits at these locations will limit the diffusion
(mass transport of species including copper ions, chloride
and dissolved oxygen) toward and away from the NAB
surface; thus, there is a potential for a microenvironment
to develop beneath the deposit. If the pH of this microenvi-
ronment becomes acidic, e.g. below pH 4.0, the K phase
becomes anodic to the o-phase and corrodes preferen-
tially. From the experimental results, it is observed that
the fine grain structure is more preferential to achieve high
strength and less prone to erosion corrosion. The cast NAB
base material samples are more eroded and forms more
corrosion products than the friction surfaced samples.

5 Conclusions

The slurry erosion-corrosion performance of a friction
surfaced extruded NAB alloy was investigated. From this

investigation, the following important conclusions are

derived:

1. Friction surfaced deposits are effective in controlling
the slurry erosion of a cast NAB alloy.

2. The friction surfaced extruded NAB alloy showed a
much lower corrosion rate in the erosion-corrosion
condition than the cast NAB alloy due to the fine grain
microstructure and annihilation of casting porosities
during FS.

3. The weight loss rate of both the substrate and depos-
its increased as the angle of impact decreased from
90° to 30°.

4, At localized sites, erosion corrosion occurred, and
due to the continuous nature of the x_-phase, this

I
resulted in the accumulation of corrosion.
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