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FIGURE 2. Corrosion rate of sheet specimens under open-circuit conditions and
cathodic protection at -1.0 Vg as a function of sea water flow rate. The data are
based on an immersion period of two months. The line corresponds to the pre-
dicted uniform corrosion rate based on the mass-transfer considerations discussed
in the text.

At flow rates above 8 cm/s (2.5 cm/s for AIMg3), no large pits (> 50 pum in depth) are
observed. The surface is uniformly etched in a macroscopic sense. Microscopically, such a
surface is characterized by micropits around the cathodic intermetallic particles [3]. Forma-
tion of a micropit is related to the cathodic activity on the intermetallic particle and the alka-
line anolyte generated adjacent to the particle. The pit stops growing once the intermetallic
particle is detached from the surface [gl. Therefore, such pits are shallow and
non-destructive in relation to the deep acid pits, which form at low flow rates as described
above.

The rate of uniform etching increases with the logarithm of the flow rate as shown in figure

2, and this rate is alloy-independent and reproducible in relation to the results obtained in the

pitting regime. Moreover, the corrosion rate does not decrease with time in the uniform cor-

rosion regime in contrast to the decreasing rates generally observed in the case of pitting.

'fl‘hc uniform corrosion rate is nearly constant as a function of time as can be discerned from
igure 4. ‘

The tests conducted in the high pressure channel with cylindrical specimens at elevated
pressures, as well as at atmospheric pressure, do not exhibit the pitting behavior described for
the sheet specimens, but they undergo uniform etching for all flow rates investigated. The
causes of different flow dependence of corrosion behavior among the sheet and cylindrical
specimens will be discussed later. As shown in figure 5, the corrosion rate appears to be
independent of the alloy type and appears to increase with the logarithm of the flow rate
similar to the behavior of sheet specimens in the uniform corrosion regime.
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FIGURE 3. Maximum pit depth data after
two months of exposure for sheet specimens
under open-circuit conditions and cathodic
protection at -1.0 Vg as a function of flow
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FIGURE 4. Weight loss of alloy AIMgSil as
a function of time at a sea water velocity of 1
m/s under open circuit conditions and cath-
odic polarization at -1.0 V.
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The data for sheet specimens at atmospheric pressure indicate that cathodic protection is an
effective means of eliminating pitting corrosion in support of earlier results [3]. In conjunc-
tion with the elimination of deep acid pits, a significant reduction is observed in the weight
loss suffered by alloys AIMgSil and Al99.5 as can be discerned from figure 2 at flow rates
below 8 cm/s (pitting regime). However, the surfaces exhibit micropits at the intermetallic
sites as generally observed on impure aluminum after cathodic polarization in aqueous media.
These are similar to the pits characterizing the morphology of the uniformly etched surface
described earlier. The mechanism by which cathodic polarization affects the aluminum sur-
face morphology has been discussed in detail [3]. Cathodic protection in the potential range
-0.8 to -1.3 Vg eliminates acid pits. However, the reduction in weight loss becomes less
with the application of increasingly negative potentials as a result of higher rates of cathodic
etching, which is synonymous with micropitting in the present context.

At higher flow rates corresponding to the uniform corrosion regime, however, cathodic pro-
tection has no effect, as indicated by figure 2, in which the weight loss data with and without
cathodic protection nearly overlap for all alloys investigated. With cathodic protection, in
fact, the observed weight loss is slightly higher as shown for a selected case in figure 4. The
same results are applicable to the cylindrical specimens, which exhibit only uniform etching
in the range of flow rates investigated, independent of the static pressure, as shown in figure
5.

DISCUSSION OF RESULTS

Since cathodic polarization does not reduce the corrosion rate in the uniform etching regime,
the rate determining step for the dissolution process must be nonelectrochemical in nature in
contrast to the behavior in the pitting regime. Moreover, the linear relationship between the
corrosion rate and the flow rate on a log-log scale suggests that the uniform etching is a
mass-transfer-controlled process. Therefore, the dissolution rate can be expressed as

Ncon = kca (1 )
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where N, is the molar corrosion flux density, k is the mass transfer coefficient, and c, is the
solubility of the aluminum oxide in sea water. The mass transfer coefficient for flow past a
plate and cross flow around a cylinder, which describe the convective mass transport systems
relevant to the present study, can be estimated from universal Sherwood number correlations
[7] and the physical property data for sea water [8]. The diffusion coefficient of the soluble
oxide and c,, which are also required to perform this calculation, are not readily available. By
assuming, however, the values of 10° cm?/s for the oxide diffusion coefficient and 7 x 10°
mol/l for the solubility, the corrosion rate was calculated for the sheet and cylindrical speci-
mens. The value for ¢, corresponds to the solubility of bayerite in water at pH 8.2, calculated
from thermodynamic data [9]. Bayerite is supposed to be the type of oxide expected to form
onh aluminum in aqueous environments [10].
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FIGURE 5. Corrosion rate of cylindrical specimens under open-circuit condi-
tions and cathodic protection at -1.0 Vg as a function of sea water flow rate.
The data are based on an immersion period of two months and correspond to
static pressures in the range 1 atm to 30 bar. The line corrésponds to the pre-
dicted uniform corrosion rate based on the mass-transfer considerations discussed
in the text.

The calculated curves are plotted together with the weight loss data in fi_gurcs 2and 5, and a
reasonable agreement is found between the calculated results and experimental data. The
latter include the data for AIMg3 at low flow rates because the weight loss suffered by this

alloy is mainly due to uniform corrosion in the entire range of flow rates presently investi-
gated.

These results suggest that the uniform etching of aluminum is governed by the chemical dis-
solution of the oxide and therefore cannot be controlled by electrochemical means. The fact
that the dissolution rate is relatively independent of alloy type strengthens this theory because
the oxide solubility is probably not influenced much by the differences between the alloys
studied in terms of composition and structure. Although the corrosion rate is determined by a
chemical mechanism, formation of new oxide, which accompanies the dissolution process,
must be due to electrochemical oxidation.
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Therefore, one wonders if the dissolution rate is measurable by electrochemical means, such
as by determination of polarization resistance. Gehring and Peterson [11] found, for
example, that there is a decreasing correspondence between weight loss and polarization
resistance data for the corrosion of alloy 5456 H-117 in sea water with increasing flow rate.
They attributed this discrepancy to the loss of metal partly due to mechanical erosion.
Although the results are presently inconclusive, a good agreement is generally observed in
this laboratory between weight loss and polarization resistance data due to flow dependent
corrosion of aluminum alloys in chloride media. The subject deserves further study.

The point of transition from pitting to uniform corrosion regime as a result of increasing flow
rate is probably determined by the shear stress acting on the metal surface. For a given flow

velocity, the shear stress acting on a cylinder in cross flow is much higher than that on a plate
exposed parallel to the flow direction [8]. For this reason, the sheet specimens are more sus-
ceptible to pitting than the cylindrical ones at low flow rates.

CONCLUSIONS

Aluminum alloys AIMgSil and Al99.5 undergo pitting corrosion in sea water at low flow
rates. Alloy AIMg3 is relatively resistant to pitting. Pitting is eliminated by cathodic protec-
tion. Above a certain velocity, determined by the shear stress on the metal surface, pitting
does not occur. However, uniform corrosion becomes predominant with increasing flow rate.
While pitting rate is alloy dependent, the rate of uniform corrosion varies relatively little
among the three alloys. The rate of dissolution cannot be reduced by cathodic polarization,
and therefore it must be governed by a nonelectrochemical film dissolution mechanism. The
latter is mass transfer controlled. Based on this theory, the uniform corrosion rate can be esti-
mated from the well-established Sherwood number correlations of convective mass transfer.
Elevated pressures have no discernible effect on either corrosion behavior or cathodic
protection requirements.
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THE CORROSION PROTECTION OF WELDABLE 7XXX ALUMINIUM ALLOYS BY
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INTRODUCTION

The weldable 7XXX series Aluminium alloys have been used extensively
during the last two decades for transport applications, storage
vessels and military equipment. Service performance however may be
reduced by exfoliation corrosion (Figure 1l(a)) or stress corrosion
(Figure 1(b)) both of which may occur in the vicinity of welds
(1,2). Both phenomena are undesirable because, when severe, they
can result in detachment of, or leakage of fluid through the member
of the structure.

=" <oy - -

s.—.'-‘-—v. . -

R T i Y
(a) (b)

Figure 1 Examples of (a) exfoliation corrosion, (b) and weld toe
stress corrosion cracking in Al-Zn-Mg alloys.

An approach for the simultaneous prevention of both exfoliation and
weld toe cracking is that of applying by thermal spraying a
sacrificial metal coating adjacent to the susceptible regions of the
structure. Previous work by the authors has identified the local
environmental conditions and the electrochemical conditions
providing immunity to exfoliation (3) and weld toe cracking (4).
Immunity is guaranteed for pH’s where Aluminium based alloys are
Stable with respect to exfoliation and weld toe cracking if the
electrochemical potentials remain respectively below -975 mv, and
within the range -1200 mv to -1130 mv on the saturated calomel
electrode. '

This paper considers how these, and adhesion, requirements have been
met by selection of the metal spray wire composition and arc spray
pProcess parameters.

497



COATING COMPOSITION EFFECTS

Previous coating compositions do not maintain the electrochemical
potentials sufficiently negative to be within the potential domain
for WIC immunity in the acidic conditions typically found in

cracks (4). However, coatings can be "activated" by selection of
suitable arc spray parameters (3), use of superpurity (SP) Aluminium
based wire feed stock (4), or the introduction of ‘activator’
elements such as Indium, Tin, and Gallium which stimulate highly
negative potentials in Aluminium alloys. The current ncminal
composition of Al-based arc spray wire feed stock is Al, 1%Zn,
0.18%In, 0.1%Sn, «<0.001Fe.

Compositional changes due to volatilisation losses occur during arc
spraying, eg. Zinc, Indium, and Gallium losses of 75-95%, 66-75%,
15-25% respectively, and Tin gains of up to 25%. The composition of
the wire feed stock therefore must be finely tailored to achieve the
requirements of the coating but the optimum performance is also
critically dependent on the particular arc spray parameters used for
deposition. Therefore to be of most practical use in production,
the metal spray wire feed stock should be tolerant to spraying over
a wide range of process conditions.

Y EXPERIMENTAL: ROUND ROBIN TRIAL .

The object of the present work is to assess the extent of variations
in the properties of coatings when the current wire feed stock is
arc sprayed using commercial equipment. Six test centres,
designated A-F, all using the same arc spray system were involved.
Samples of Al-Zn-Mg alloy were grit blasted and sprayed using their
own favoured conditions to DRA guidelines, using the same reels of
wire, of the above compositiom.

Adhesion

The coating adhesion was assessed using an Elcometer (Model 106)
adhesion tester which measures the lift off force required to remove
a test dolly glued to a small area of the coating using an epoxy
adhesive and 24 hour curing. A value of 1000 psi (7 MPa) was
considered adequate. The adhesion of all coatings was monitored and
the type of failure recorded, eg. adhesion failure between metal and
substrate, or between coating and adhesive, or a cohesive failure
within the coating.

Electrochemical Studies

Potential-time data for the six different spray coating samples were
recorded during exposure to acidic saline (2%NaCl - 0.5% Na,Cr0, at
pH3) and to neutral saline environments. In typical experiments,
potentials were monitored at the free corrosion potential (FCP) for
several hundred hours, and then for a similar period with an imposed
current density of +50 pA/cm?.

RESULTS

Compositional Analysis

Chemical gompositions of ;he spray wire and arc spray coatings,
repqrted in Table 1, confirmed the anticipated losses of zinc and
Indium, and apparent gain of Tin during the spraying process.
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TABLE 1

Chemical Composition of spray wire and arc-spray coatings

Element Zn At o Sn Fe
(wt %)
Spray Wire | 1.02 | 0.17 | 0.10 | 0.001
A 0.42 | 0.10 | 0.10 | 0.001
B 0.16 | 0.10 | 0.11 | 0.001
C 0.02 | 0.04 | 0.12 | 0.003
D 0.02 | 0.03 ] 0.13 | 0.003
E 0.15 | 0.08 | 0.12 | 0.002
F 0.11 | 0.08 | 0.11 | 0.003

Microstructural Studies

Each arc spray coating was sectioned, and prepared for
characterisation of their structure and measurement of coating
thickness, homogeneity and porosity. See Figure 2, (a - f).

Spray A, C and F appeared to have a uniform structure, although each
differed in thickness; spray D was less uniform and B and E were
irregular and totally unacceptable.

Adhesion

The mechanical properties of the coatings were astessed with respect
to their adhesive properties and mode of failure. The forces
required to remove the test dollies are shown in Figure 3, from
which it can be seen that coating F (and A) consistently failed to
meet the strength requirements. Coatings A, B and E all showed
acceptable modes of failure. Coating A failed cohesively within the
metal spray coating. Coating B had a mixed mode of fracture which
was mainly within the epoxy/coating interface. Coating E, with
significantly the strongest adhesion exhibited failure almost
entirely within the adhesive. Although coatings B and E pass the
adhesion test, they would not be desirable as protective coatings
due to their poor microstructural qualities, ie. inhomogenous
structure with severe porosity.

Electrochemical properties of coatings

Potential-time data for the arc sprayed coatings exposed to the
acidified chromate solution and neutral saline solution are compared
in Figures 4 and 5. In general, the effects ere similar but the
rankings are less predictable in the neutral saline solution. As
expected from the compositional information, a wide range of
potentials are observed. TIn the chromate solution, coatings A and B
displayed the most negative potentials whilst coating D was the
least negative.

Coatings A and B provided potentials within the "safe window" and
would provide sacrificial protection against WIC. 1In neutral saline
solutions, coating A provided the most negative potential although
most others were also within the "safe window" except B which
performed poorly, probably because of its thin, porous irregular
structure.

499



Figure 2 Longitudinal Microsections of sprays A-F
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Figure 3

Figure 4

Figure 5

Figure 6
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EFFECT OF SPRAY PROCESS PARAMETERS

The variability in the spray coating compositions, microstructures.
mechanical properties, and the electrochemical performance suggests
that a significant range of spraying conditions were used. Apart
from gun design, other variables introduced (in an uncontrolled
manner) included spraying voltage, conduit length, spray nozzle cap
size, spraying distance or air pressure. These are-expected to
exert the following effects if allowed to act independently:

Arc Voltage: a low voltage gives high retained Zn and In but low
adhesion.

Conduit Length: an increased length reduces voltage at gun compared
with generator console value.

Spray nozzle cap diameter: a smaller size increases pressure inside
cap, leads to greater atomization and smaller particles. In turn,
leads to higher Zn and In losses. If there is nc cap, the atomised
particles would be oxidised. This would prevent loss of Zinc and
Indium but cohesion within the coating would be poor (low adhesion
values) .

Spray distance: the larger the distance, the greater the Zinc loss
and increased porosity; there is lower adhesion because the
particles have slowed down. A thinner coating results because much
of the spray cone h&s bkeen lost. .

Air pressure: a higher pressure leads to better adhesion,. lower
porosity,and smaller grain size, but higher losses of Zinc and
Indium.

Conditions which appear to favour deposition of satisfactory
coatings are a low arc voltage at the gun, short spray distance,
high air pressure, and a relatively large nozzle end cap, but not
open arc.

CONCLUSIONS

1. The new electrochemically designed spray wire can be
succegsfully arc sprayed using commercial practices to provide
satisfactory coatings for protection against weld toe stress
corrosion cracking in welded Al-Zn-Mg alloys.

2 Considerable variations in the characteristics of spray
coatings produced at different test centres were observed.
The variations could be accounted for by subtle differences in
arc spray process parameters employed.
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INTRODUCTION

Amongst the various cast aluminium alloys used these days, Al-Si
alloys are studied in detailed due to their excellent combination
of properties such as high strength to weight ratio, good
corrosion resistance, low coefficient of thermal expansion, good
bearing properties etc. Al-Si alloys are extensively used in
tribological applications such as pistons, cylinder blocks in

internal combustion engines. Although Al-Si alloys meet many of

the requirements for above applications, these alloys are prone
to seizure particularly under poor 1ubricatiqg. condition when
their is insufficient oil supply between the sliding surfaces.

There have been several reports describing the wear of Al-Si
alloys against steel disc [1-10]. Effect of factors like applied
load [1,2], silicon content [3-6] and modified silicon [8-9] on
dry sliding wear rate of Al-Si alloys have been established.

In the present investigation attempts have been made to
understand the role of microstructurg (morphology of eutectic
silicon) on the wear behaviour of Al-Si alloys.

EXPERIMENTAL

In the present investigation near-eutectic AlfSi (BSS:1IM13) alloy -
is chosen as the matrix material. The chemical compositions of
the alloy are shown .in Table-I.

Eutectic silicon in the ILM13 alloy was modified by heat treatment
Al-Si (LM13) alloy was heat treated in a tube furnace. Samples
were solution heat treated at 520°C for 8 hrs, quenched in water
at 60°C and aged at 180°C for 6 hrs.

Dry sliding wear tests were carried out using a Cameron Plint
pin-on-disk wear test apparatus. A schematic illustration of
Pin-On-Disc wear test apparatus is shown in Fig. 1. Wear samples
in the form of cylindrical pin (diameter: 8mm, length: 53mm) were
held against a rotating steel disc (hardness: 32 HRC). A wear
track of diameter 80 mm provided a sliding velocity of 2.68
m/s. Wear rates were calculated from mass 1loss measurements
taken at intervals of 500 m sliding distance.
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TABLE I. Chemical compositions
of Al-Si(LM13) alloy

"""""""""""" —Pins

Elements (wt%)

Silicon 10.0 , b End Loading
Copper 1.0 Couple by Hydraulic
Magnesium 1.0 Cylinder

Nickel 1.5

Aluminium Rest. Fig.1l Schematic illustration

of pin -on -disc wear
test apparatus.

If the specimen did not seize within a sliding distance of 500 m,
the tests were repeated by increasing the applied pressure in
steps of 0.5 MPa. The minimum pressure at which the specimen
began to seize, before reaching a sliding distance of 500 m, was
taken as the seizure resistance of the material.

Samples for microscopic examination were prepared by standard
metallographic procedure, etched with Keller’s reagent and
examined‘in.scanning electron microscopy. Worn surfaces and wear
debris were also examined in the scanning electron microscope.

RESULTS

The microstructure of 2A1-Si (LM12) alloy consists of primary
aluminium dendrites and eutectic silicon is found in the
interdendritic region and around the dendrites, Fig. 2a. The
eutectic silicon in the die cast condition has a sharp-edged
plate-shaped morphology. A remarkable change in the morphology
of eutectic silicon was found after heat treatment, the coarse
plate-shaped eutectic silicon was transformed into smaller near
- spherical particles, Fig. 2b.

treated alloy
The effect of applied pressure on the dry sliding wear rate of

die cast and heat treated LM 13 alloy is shown in Fig.3. It can
be seen from Fig.3 that the wear rates of both die cast and heat
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treated alloy increased with pressure in a non -linear pgnn .
The wear rate gf gie cast LM13 alloy increased from 1x 10~ m~/m
to 2.5 x 10712 /m when the applied pressure rose from 1.0 to
1.5 MPa. Beyond 1.5 MPa i.e., at 2.0 MPa die cast alloy was
seized and drastic wear rate was noticed. The test was
discontinued after a sliding distance of 375 m since the
temperature of the test piece rose to 140°C. Heat treated alloy
showed better performance as compared to die cast alloy, it
seized at a pressure of 2.5 MPa.

wear Rate x 10'%, m3/m

Pressure, i1Pa

FIG. 3 Effect of applied pressure on the dry sliding wear rate
of IM13 alloy

Wear surface of die cast IM13 alloy is characterised by long and
continuous grooves and a few damaged regions, Fig. 4a.
Transverse as well as longitudinal cracks (shown by arrow marks)
can clearly be seen in a higher magnification micrograph, Fig.
4b. A wear particle about to fall off from the wear surface is
seen in Fig. 4c/ By contrast the wear surface of the heat
treated composites had fewer grooves and practically no damaged
regions, Fig. 4d.




10 . 0UM- o . BEEEY 0 188 . 8U
ce showing long and continuous grooves and
damaged regions, (b) showing transverse and longitudinal cracks
(c) micrograph showing wear particle about to fall off and (d)
showing wear surface of heat treated alloy.

FIG. 4 (a) Wear surfa

A range of shapes and sizes of wear debris were found during wear
tests. Fig. 5(a) shows small and equiaxed wear debris generated
from die cast alloy at an applied pressure of 1.0 MPa. When the
applied pressure was increased to 1.5 MPa, flake - shaped debris
were observed, Fig. 5(b). The debris was consisted of large
number of faceted silicon particle, Fig. 5c. Typical debris
obtained from heat treated alloy is shown in Fig. 5d.

Fig. 5 Scanning electron micrographs of wear debris; (a)
obtained at low (1.0 MPa) applied pressure, (b) wear debris at
high applied pressure(l.5 MPa), (c) micrograph showing faceted
silicon particles and (d)debris from heat treated alloy.

Fig. 6(a) reveals a typical scanning electron micrograph of the
transverse section of the wear surface of die cast alloy. The
top corresponds to the wear surface, the breakdown of the
eutectic silicon needles just beneath the wear surface is
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clearly seen. The nucleation and propagation of cracks in the
subsurface region can clearly been seen. It is worth to be
noted that the morphology of heat treated silicon was retained as
it was even after wear test,Fig 6b and nucleation and propagation
of cracks was not observed.

FIG. 6 (a) Mlcrograph showlng transverse section of the wear
surface, depicting breakdown of the eutectic silicon needles and
(b) showing transverse section of the heat treated alloy.

DISCUSSION

Al-Si alloy system is an abnormal eutectic, in which one phase
(Al) is nonfaceted and other one (Si) is faceted, with sharp
edges. These sharp edges of silicon act as stress raiser and
offer preferential sites for crack nucleation.

The effect of silicon morphology on the fracture behaviour of Al-

Si alloy is schematically shown in Fig.7.. The plate - shaped
silicon is shown in Fig. 7(a). Fracture of such coarse plate

shaped silicon can result in large cracks in the matrix, of

length (1). Fig. 7(b) is a schematic illustration of heat

treated Al-Si alloy microstructure. It depicts near spherical

eutectic silicon distributed in the aluminium matrix. The near

spherical shape of silicon particle considerably reduces the

stress concentration.

The 1/d ratio (length to width) of eutectic silicon in IM13 alloy
in die cast and heat treated conditions were computed and are
shown in Fig.8. Results indicated that the average value varied
from 9.0 in the die cast condition to 1.6 in the case of heat
treated alloy.

O ° %Y g
8) 0° o

(@) Die Cast AlI-Si Alloy (b) Heat Treated Al-Si Alloy

Olin

FIG. 7 Schematic illustration showing effect of silicon
morphology on the fracture behaviour of Al-Si alloy
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FIG. 8 (a) 1/d ratio of as-cast alloy, (b) 1/d ratio of heat
treated alloy.

It may be inferred from the above discussion that the propensity
for crack nucleation will be minimized in the case of heat.
treated Al-Si alloy where the morphology of eutectic silicon is
near spherical and the size of silicon is the smallest. This
simply suggests that in heat treated alloy the silicon will cover
more surface area as compared to the as cast alloy.

CONCLUSIONS

1. The microstructure of Al-Si (LM13) alloy consisted of primary
aluminium dendrites and eutectic silicon. Heat treatment of Al-
Si alloy altered the silicon morphology from faceted to near
spherical.

2. The sliding wear ratio of Al-Si alloy were found to increase
with applied pressure. Two distinct wear regimes were observed,
mild wear and severe wear.

3. Worn surfaces of die cast alloy showed continuous grooves and
damaged regions and was reduced in the case of heat treated

alloy.

4. Considerable fragmentation of the eutectic phase was noticed
in the subsurface region caused due to wear induced deformation.
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