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Abstract Arc sprayed aluminum (Al) coatings are used as
protection for steel substrates due to their corrosion resis-
tance and cost-effectiveness. This research focuses on the
influence of annealing on morphology, chemical compo-
sition, and corrosion resistance of arc sprayed Al coatings.
The coatings were sprayed on mild steel substrate and
annealed at various temperatures. The oxide content in the
coatings and elemental diffusion between coating and
substrate increased with the increase in annealing temper-
ature. Moreover, the grain size of the coatings enlarged
with increasing the annealing temperature up to 600 °C and
decreased after annealing at 700 °C. The electrochemical
studies suggested that the corrosion resistance of the
coatings annealed at 500 and 600 °C was decreased com-
pared to that of the as-sprayed coating. The coating
annealed at 700 °C showed the lowest corrosion current
density  (1.504 uA/cm?), noble corrosion potential
(= 0.59 V versus Ag/AgCl), and higher charge transfer
resistance (511.76 kQcm?), indicating the highest corro-
sion resistance caused by lower percentage of porosity,
finer grain size and formation of corrosion resistant Al,O3
on its surface.
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Introduction

Plain carbon steels are extensively used in many applica-
tions due to their superior mechanical characteristics, ver-
satility, and economic benefits. Their atmospheric
corrosion is a big concern in harsh conditions such as
seashore environments that limit their applications (Ref
1, 2). The degradation of steel is a continuous process, but
it can be slowed down by various protective schemes such
as galvanized coatings, corrosion inhibitors, cathodic pro-
tection, and thermal spray coatings (Ref 3-5). Thermal
spraying is an effective way to combat degradation because
of its convenience and minimum drawbacks (Ref 6).
Thermal spray coatings are deposited when feedstock
material in powder or wire form is melted by heat and
accelerated towards the substrate to deposit a material
layer. The coatings can offer corrosion protection as well
as a wear barrier to the substrates (Ref 7).

There are various methods to deposit thermally sprayed
protective coatings, including flame, atmospheric plasma,
wire arc, and high-velocity oxy-fuel spray process (Ref 8-
10). Wire arc spraying is an extensively used process to
deposit anti-corrosion coatings because of its suitability,
high deposition rates, and low operating costs (Ref 11, 12).
This process uses electrically conductive and ductile wires
as feedstock material. The material melts when two
oppositely charged wires are fed together in such a way
that an arc occurs at their meeting point. Subsequently, the
melted material is atomized and accelerated in the direction
of the substrate by a stream of pressurized air. The melted
material droplets solidify immediately after colliding with
the substrate and form a thick coating (Ref 13). Various
metals are being deposited by the wire arc spraying pro-
cess, such as zinc, aluminum, nickel, and their alloys. It is


http://crossmark.crossref.org/dialog/?doi=10.1007/s11666-022-01413-0&amp;domain=pdf
https://doi.org/10.1007/s11666-022-01413-0

J Therm Spray Tech (2022) 31:1934-1943

1935

possible to deposit alloy coatings by this technique using
dissimilar metal wires (Ref 14, 15).

Aluminum coatings deposited by arc spraying technique
are commonly used to provide protection to steel struc-
tures, pipelines, and naval architecture in corrosive atmo-
spheres, including exhaust gases reaching high
temperatures (Ref 16-18). These coatings provide a barrier
against the environment as well as they are anodic to the
carbon steel substrates in seawater, which abolish the need
for a complete barrier between atmosphere and substrate
because they sacrificially protect the steel surface (Ref 19).

Annealing of arc spray coatings can significantly affect
their properties by changing their microstructures. Ly et al.
suggested that annealing treatment can improve the
microhardness of arc sprayed Al-NiCr20 duplex coating by
reducing its porosity (Ref 20). Guo et al. found that the
annealing of Fe-based amorphous coatings can signifi-
cantly improve their oxidation resistance by eliminating
inherent discontinuities such as pores and cracks (Ref 21).
Similarly, Lin et al. investigated the fracture toughness and
erosion behavior of FeNiCrBSiNbW coatings after
annealing and found that both properties deteriorate with
increase in the annealing temperature (Ref 22). The
annealing treatment of arc sprayed aluminum coating can
increase its bonding strength caused by the interdiffusion
of aluminum and other metal atoms (Ref 23). It oxidizes at
high temperatures and forms an aluminum oxide film on its
surface, which provides a barrier against oxygen diffusion
(Ref 24). Zhou et al. studied the impact of annealing on the
composition, element diffusion, and microstructure of arc
sprayed aluminum coating and found that it adopts nearly
flawless structure after annealing at 700 °C and/or 800 °C
(Ref 25). However, the effect of annealing on its corrosion
behavior has not been studied yet.

In this work, the aluminum coating was sprayed onto the
mild steel substrate via wire arc spraying process followed by
annealing at different temperatures. The effect of annealing
temperatures on the chemical composition, morphology, and
corrosion resistance of the coating was explored.

Experimental Procedure
Commercially available mild steel (Table 1) was used as a

substrate. Before the coating process, substrates were grit
blasted by a sandblasting machine (SX-80F, Guangzhou

Table 1 Chemical composition of mild steel substrate

Element C Si Mn P S Fe

wt. % 0.21 0.16 0.10 0.016 0.008 Bal.

Sanxin Metal Co., Guangzhou, China) using Al,O5 parti-
cles at 5~6 bar air pressure to enhance the adhesion of
coating with substrate by increasing substrate roughness
and removing the oxides on its surface. The final average
surface roughness value (Ra) of the mild steel substrate
was 8.6 £1.5 um. Afterward, the substrates were cleaned
with acetone, followed by drying in an oven. The substrates
were then arc sprayed using twin wires (¢ = 2mm) of
commercially pure aluminum (99%) by wire arc spray
system (SX-400, Guangzhou Sanxin Metal Co., Guangz-
hou, China). The dimension of the sprayed samples was 50
x 50 x 1 mm. The deposition parameters used for the arc
spraying process are given in Table 2.

The coating samples were annealed at 500, 600 and
700 °C in a box furnace for 2 hours. For each sample, the
temperature was raised from room temperature to desired
annealing temperature with the ramp up of 10 °C/min.
After completion, the heating was stopped, and the samples
were cooled inside the furnace.

The cross-sections of the coating samples were ground
with 1500 grit sandpaper followed by polishing using a 1-
um diamond paste to prepare them for the cross-sectional
analysis. The as-sprayed surface morphologies and pol-
ished cross-sections of coatings were observed by a scan-
ning electron microscope (SEM) (VEGA3, TESCAN,
Brno, Czech Republic) operated at 20 kV. The elemental
compositions of the coatings at the surface and interface
were analyzed using an energy dispersive x-ray spec-
troscopy (EDS) (INCA X-act, Oxford Instruments,
Abingdon, United Kingdom) system that was also operated
at the accelerating voltage of 20 kV. The porosity of every
coating sample was measured on five SEM cross-sectional
micrographs at the magnification of 4 kx using an image
analysis software (Imagel), and its average value was
considered as the porosity for the whole sample. X-ray
diffraction (XRD) (D8 Advance, Bruker, Massachusetts,
US) analysis was performed using Cu Ko radiation (4 =
0.15406 nm) generated at 40 kV and 30 mA to analyze the
phase compositions of the coatings. The grain size of the
coatings was determined using the Scherrer method (Ref
26)

Table 2 Wire arc spray process parameters for aluminum coating

Spray parameters Values
Standoff distance 100 mm
Compressed air pressure 5~6 bar
Voltage 425V
Current 150 A
Spray angle 90°
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(Eq 1)

Here L indicates crystal size, k=0.89 is the shape factor,
4=0.15403 nm is the wavelength of x-ray source (Cu Ko),
f represents full width at half maximum, and 0 is
diffraction angle.

Corrosion properties of all the coatings (as-sprayed and
annealed) were assessed by potentiodynamic polarization
(PDP) and electrochemical impedance spectroscopy (EIS)
tests in a 3.5 wt.% NaCl solution to simulate the corrosion
in the saline environment. These tests were accomplished
by a three-electrode cell where the coating sample was
used as working electrode, Ag/AgCl (sat. KCI) acted as
reference electrode, and platinum wire as counter elec-
trode. Prior to electrochemical tests, the coating samples
were submerged in the electrolyte solution for 1 hour to
stabilize the potential. An electrochemical workstation
(CHI 660, CH Instruments Inc., Austin, US) was used to
carry out electrochemical tests at room temperature. The
PDP studies were carried out by scanning the potential
from — 1.6 to + 0.3 V versus OCP at a scan rate of 1 mV/
s. The EIS studies were performed by applying the AC
amplitude potential of 10 mV between 100 kHz and
0.01 Hz frequency interval.

Results and Discussion
Characterization of Coatings

Figure 1 shows the SEM micrographs of the as-sprayed and
annealed Al coatings. Molten, semi-molten, and un-melted
particles are visible on as-sprayed (Fig. 1a) coating, which
leads to very rough surface morphology. The coating sur-
face exhibited a splat zone consisting of an irregular plate-
like morphology, and pores. The main reason for the
porosity is the entrapment of gases during the spraying
process (Ref 27). The abovementioned features are inher-
ent properties of thermally sprayed coatings, and they are
unavoidable. It is apparent that many small droplets that
were observed on as-sprayed coatings gradually disap-
peared after annealing (Fig. 1b, c¢). Moreover, the coating
displayed a different microstructure after annealing at
700 °C. This occurred because the melting point of alu-
minum is 660.54 °C, and the coating became liquid above
this temperature and converted into a composite coating.
As the temperature of the sample dropped below the
melting point of aluminum, solidification occurred, and a
new structure formed (Ref 28).

Table 3 presents the EDS analysis of all coating sur-
faces. Aluminum was the primary element in the as-
sprayed coating, but it also consisted of 3.31 wt.% of
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oxygen. The oxygen comes during the coating process due
to the oxidization of inflight molten material particles and
the oxidation of the coating surface after spraying. Gen-
erally, the oxygen content in wire arc sprayed coatings is
between 2 and 8%, which can be further reduced by
varying the spraying parameters and conditions (Ref 14).
The oxygen content in the as-sprayed aluminum coating
was in the typical range. However, it increased signifi-
cantly to 18.10 and 24.15% in the coatings when the
annealing temperature reached 500 and 600 °C, respec-
tively. The oxygen content was directly proportional to the
annealing temperature and increased due to the oxidation
of aluminum in the air during the annealing process. The
oxygen was highest (46.48%) in the coating after annealing
at 700 °C. Additionally, a small amount of Fe was also
detected on its surface, which suggested that Fe was dif-
fused to the surface of the coating from the substrate after
annealing at 700 °C (Ref 29). Since the accelerating volt-
age for the EDS analysis was 20 kV, the excitation volume
within the material would have been large, indicating that
the specific surface of the particles also played a big role in
the measurement of oxygen in the coatings. Moreover, the
EDS analysis is not very efficient in determining the ele-
mental composition and detecting the light elements,
including oxygen, hence the compositions of the coatings
were also determined by the XRD analysis.

SEM cross-sectional micrographs of all coatings are
given in Fig. 2. The thickness of coatings after deposition
was approximately 180 um. A well-bounded coating hav-
ing uniform thickness was observed without any irregular
interface in the cross-sectional image (Fig. 2a). Moreover,
it did not exhibit the typical laminar feature of thermally
sprayed coatings, and the main reason behind this phe-
nomenon is the low melting point of aluminum that
enabled the depositing melted particles to homogenize
during the coating process (Ref 30). The coatings became
more compact as the annealing temperature increased, and
the interface after annealing was less distinctive compared
to as-sprayed coating. The diffusion layers were observed
in the coatings when annealed at 500 and 600 °C (below
the melting point of aluminum), as shown in Fig. 2(b) and
(¢), which is due to the diffusion of Fe atoms towards the
coating (Ref 31). After annealing at 700 °C, the coating
appeared without any big pores and looked more like a
bulk material, as shown in Fig. 2(d). There was no definite
diffusion layer, but the whole coating seemed a diffusion
zone. The EDS analysis of the whole coating area indicated
the co-existence of Al and Fe, which suggested that the Fe
had diffused into the whole coating (Table 4). Fig 2(e) and
(f) present the elemental mapping of the coating after
annealing at 700 °C, indicating the interdiffusion of Al and
Fe during the annealing process. The porosity in the as-
sprayed coating was approximately 1.63 £ 0.12%, and it
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Fig. 1 SEM micrographs of as-
sprayed and annealed Al
coatings (a) as-sprayed

(b) 500 °C (c) 600 °C

(d) 700 °C
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Table 3 EDS analysis of all coatings (wt. %)

The x-ray diffraction spectrums of all coatings are given

in Fig. 3(a). The as-sprayed coating primarily consisted of

Sample ID Al ° re a pure aluminum phase. The maximum diffraction was at
As-sprayed 96.69 3.31 38.5° corresponding to the crystal face (111), and other
Annealed at 500 °C 81.90 18.10 diffraction peaks were at 44.7°, 65.1°, 78.2°, 82.4° con-
Annealed at 600 °C 75.85 24.15 firming (200), (220), (311), and (222) crystal faces. The
Annealed at 700 °C 52.41 46.48 1.11 structure of aluminum coating remained the same even

significantly decreased to 0.48 £ 0.14%, 0.21 £ 0.09%,
and 0.1 £ 0.03% after annealing at 500, 600 and 700 °C,
respectively. The reduction in porosity of the coatings with
the rise in annealing temperature is expected to enhance
their barrier properties by reducing the diffusion pathways
and ultimately increase their corrosion resistance.

after annealing at 600 °C. Besides aluminum, no other
peaks were detected on the surface of the coatings, which
was due to the low concentrations of oxides. After
annealing at 700 °C, significant changes occurred in the
chemical structure of the coating, and two additional pha-
ses of Fe,O; and Al,O3 were identified. The magnified
image of the characteristic peaks of all coatings is shown in
Fig 3(b). This figure indicates the induction of compressive
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Fig. 2 Cross-sectional images of as-sprayed and annealed Al coatings (a) as-sprayed; (b) 500 °C; (c) 600 °C; (d) 700 °C, elemental mapping of

coating annealed at 700 °C indicating; (e) Al; (f) Fe

Table 4 EDS Analysis of

Points in Fig. 2 (wt. %) EDS Points Al Fe
A 5535 45.65
B 4778 5222
C 5205 47.95
D 5461 4539

stresses in the coatings with the increase in annealing
temperature until 600 °C.

The grain sizes of all coatings are illustrated in Fig. 3(c).
The grain size increased with an increase in annealing
temperature up to 600 °C. However, a significant reduction
in crystallite size was observed when the annealing tem-
perature was raised to 700 °C. The smaller grain size in the
coating after annealing at 700 °C can be associated with
the recrystallization of aluminum above its melting point as
well as the smaller grain size of Al,O5 (Ref 32). The Al,O3
was formed on the surface of the coating as indicated by
the XRD analysis. Alumina exhibits a smaller grain size
compared to commercially pure aluminum (Ref 33).

Electrochemical Tests

Figure 4 illustrates the potentiodynamic polarization (PDP)
curves of all coatings. The electrochemical parameters,
including corrosion potential (E.,), corrosion current
density (icor), and corrosion rate, were measured from each
curve by the Tafel extrapolation method, and their values
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are presented in Table 5. The PDP curve shows two
branches, anodic and cathodic. The anodic branch formed
when the electrode potential shifted from its open circuit
potential to high polarized potential, and it shows the dis-
solution characteristics of the electrode. Whereas the
cathodic branch formed when the electrode potential shif-
ted from its open circuit potential to low polarized poten-
tial, and shows the reduction characteristics of the
electrode. During Tafel extrapolating, the linear fitting of
the anodic and cathodic branches results in an intersection
point. This interaction point corresponds to E.. and icon
values along potential and current density axes, respec-
tively. The E.,; is a thermodynamic variable that reflects
the active or noble behavior of the samples while ico, i a
kinetic variable during the corrosion/dissolution process.
According to Faraday’s law, i.q is related to corrosion rate
(Ref 34).

The E.,, value of as-sprayed coating was found to be —
1.01 V versus Ag/AgCl which was more active compared
to the underlying substrate (mild steel) that has ~ —
0.33 V versus Ag/AgCl in the same saline environment.
The E., also reflects the sacrificial behavior of the coating
as supported by the previous researchers (Ref 35). After
annealing at 500 and 600 °C, a negative shift in the E
values was observed, and they were both recorded at
approximately the same value of — 1.05 V versus. Ag/
AgCl. The annealing treatment at 500 and 600 °C reduces
the porosity in the coatings, but it coarser their grain size,
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Fig. 3 (a) XRD pattern of Al coatings before and after annealing, (b) Magnified image of characteristic peaks of all coatings, (c) Crystallite size

of Al coatings before and after annealing
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Fig. 4 Potentiodynamic polarization (PDP) curves of all coating
samples

which results in their active behavior. The E.,, of the
coating shifted to a relatively positive value (— 0.59 V
versus Ag/AgCl) compared to all coatings after annealing
at 700 °C. Generally, a less negative value of E_,, repre-
sents a noble behavior in the aggressive saline environment

(Ref 36). The less negative potential of the coating
annealed at 700 °C can be very significant in a saline
environment. Because during the operation, if the coating
gets damaged by any means, it will have less chance of
galvanic corrosion compared to the other coatings because
of the smaller potential difference between the coating and
substrate. The i.,, value of the as-sprayed coating was
2.40 uA/em?, and it increased to 7.24 and 9.60 pA/cm?
after annealing at 500 and 600 °C, respectively. The
coating exhibited the lowest i.,, value of 1.50 ,uA/cmz
after annealing at 700 °C. The lower magnitude of icq
value indicates a lower corrosion rate and higher corrosion
resistance (Ref 37). The polarization resistance (R,,) is the
direct indicator of corrosion resistance, and it can be cal-
culated by the Stern-Geary equation as illustrated in Eq. 2
(Ref 38).

B babe
~ 2.303ic0rr (ba + be)

R, (Eq 2)
Here, b, and b are the anodic and cathodic slope constant,
respectively, in mV/decade, i.. is the corrosion current
density in uA/cm?, and R, is the polarization resistance in
kQ.cm?.
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Table 5 The electrochemical . . .

parameters fireaesfsrpOrZyeercllnzlj d Sample id Ecorrs Vs, Agiagc Tcorr ,uA/cm2 Corrosion rate, mpy Ry, kQ.cm?

annealed Al coatings As-sprayed —1.01 2.40 0.60 11.30
Annealed at 500 °C — 1.05 7.24 2.07 3.74
Annealed at 600 °C — 1.05 9.60 3.17 2.83
Annealed at 700 °C —0.59 1.50 0.43 18.09

From the kinetic parameters, the polarization resistance
of all the coatings was in the order: 700 °C > as-sprayed >
500 °C > 600 °C (Table 5). The corrosion resistance of the
coatings depends on various factors such as grain size,
pores, and chemical composition (Ref 39). The large grain
size suggests the increase in the distance of the protective
oxide nuclei on the grain boundary, and more time is
needed to form continuous oxide scales (Ref 40). Hence, it
can be determined that coarsening of grain size was the
main factor for reduced corrosion resistance of coatings
after annealing at 500 and 600 °C. The increase in corro-
sion resistance of the coating annealed at 700 °C can be
associated with its finer grain size, compact microstructure,
and presence of oxides such as alumina (Ref 21). The
presence of alumina layer provides a barrier to reduce the
oxygen diffusion inside the coating and protect it from
further degradation (Ref 41).

The impedance spectra of all coating samples at dif-
ferent immersion times (1, 200 and 1000 hrs) are shown in
Fig. 5. The electrochemical mechanisms of all the coatings
were modeled by the equivalent electrical circuit (EEC)
models (Fig. 6a, b) to simulate the EIS data. The EEC
models consist of electrolyte solution resistance (Rj),
charge transfer resistance (R.), double layer capacitance
(Qqp), and diffusion variable Warburg impedance (W).
Generally, the constant phase element replaces the ideal
capacitor due to the non-uniformity of dielectric charac-
teristics of the coating and charge relaxation in the double
layer (Ref 42). The results obtained after fitting the EIS
data into EEC models are illustrated in Table 6. The non-
ideal double layer capacitance can be calculated by the
following formula (Ref 43).

1

Qur = (2rf)"Zn

where Qg is the non-ideal double layer capacitance in uF/
cm?, “f is the frequency in Hz, ‘n’ is the charge relaxation
coefficient, and Z” is the imaginary component of the
impedance in Q.cm? (Ref 43).

The Nyquist plot of the as-sprayed coating (Fig Sa)
shows the diffusion behavior after one hour of the
immersion but after 200 hours of immersion, the electrolyte
completely homogenized with the coating and formed a
uniform double layer as shown in Fig. 6(a). The ECC
model fitted on the coating after 1 hr immersion is shown
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in Fig 6(a), while the ECC model fitted on the coating after
200 and 1000 hrs immersion is shown in Fig 6(b). The R
value of the as-sprayed coating was 13.47 kQcm?, and it
gradually increased to 17.03 and 408.51 kQcm? after 1,
200, and 1000 hrs of immersion, respectively. The increase
in the R, after increasing the immersion time is due to the
formation of corrosion products on the surface of the
coating. The coating was sacrificial in nature, so it reacted
with the Cl™ ions in the electrolyte and formed corrosion
products on its surface. The corrosion products don’t show
the diffusion behavior instead act as a barrier for further
dissolution of the coatings. However, the R, value of the
coating annealed at 500 °C decreased and it was recorded
as 5.59, 11.87, and 410.23 kQcm? after 1, 200, and
1000 hrs of immersion, respectively. It further decreased in
case of the coating annealed at 600 °C. In case of the
coating annealed at 700 °C, the R, value increased from
2044 to 33.46 and 511.76 kQcm? by increasing the
immersion time from 1 hr to 200 hrs and 1000 hrs,
respectively. The higher R, value indicates a lower dis-
solution rate and higher corrosion resistance (Ref 44). The
Qg value of the coatings increased with the annealing
temperature, apart from the annealing temperature of
700 °C, where it decreased. The lower value of Qg implies
a thicker protective film and vice versa (Ref 45).

The diffusion mechanism in the arc sprayed Al coating
has been reported by researchers in the past as well (Ref
46). Actually, the porous or heterogeneous surface mor-
phology helps the aggressive ions like Cl™ ions to diffuse
on the coating surface. The Warburg reflects the semi-in-
finite length diffusion process, which results in the mass
transfer process. The grain size and porosity affect the mass
transport process very much. The as-sprayed coating has
~ 1.63 % porosity, which results in a 207 u/cm*Q s*°
value of Warburg after 1 hr of immersion. The coating does
not show the diffusion mechanism with a further increase
in the immersion time (200 and 1000 hrs). In the case of the
coatings annealed at 500 and 600 °C, the value of Warburg
after 1 hr of immersion further decreased to 176.4 and
159.76 p/em®Q %, respectively. The reduction in the
value of Warburg is due to the increase in grain size after
annealing. The maximum value of Warburg (~345.87
76 p/em’Q s™%) was shown by the coating after annealing
at 700 °C due to its fine grain size and minimum value of
porosity. The EIS results were in support of the PDP
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Fig 5 Nyquist plots of all coating samples for different exposure periods: (a) as-sprayed, (b) annealed at 500 °C, (c) annealed at 600 °C,

(d) annealed at 700 °C.
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Fig. 6 Equivalent circuit models for (a) all coatings after immersion
for 1 hour, (b) all coatings after immersion for 200 and 1000 hours.

results, which also showed that coating shows the low
dissolution of 0.43 mpy after annealing at 700 °C.

Conclusion

The aluminum coatings were deposited on mild steel sub-
strates by wire arc spraying and subsequently annealed at
various temperatures. The annealing promoted the ele-
mental interdiffusion and formation of oxides in the coat-
ings. The grain size in the coatings increased gradually as
the annealing temperature increased up to 600 °C and
above that temperature, it decreased. After annealing at
500, 600 °C, the coatings exhibited inferior corrosion
resistance which could be associated with their large grain
size. The corrosion resistance of the coating was signifi-
cantly improved after annealing at 700 °C. It could be
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Table 6 Impedance parameters obtained by fitting EEC models on all coatings with different immersion time

Sample ID Immersion time, hrs R, Q cm? R, kQ cm? Quas ,uF/cmz ng W, u/cm2 Q 0
As-Sprayed 1 56.12 13.47 2.46 0.65 207.9
200 117.54 17.03 3.57 0.64
1000 176.43 408.51 4.88 0.41
Annealed at 500 °C 1 52.11 5.59 2.12 0.69 176.4
200 114.21 11.87 3.06 0.44
1000 170.12 410.23 4.12 0.54
Annealed at 600 °C 1 51.55 3.464 2.09 0.55 159.76
200 112.87 14.99 3.11 0.65
1000 169.45 389.2 4.29 0.47
Annealed at 700 °C 1 55.63 20.44 5.76 0.67 345.87
200 119.88 33.46 6.19 0.77
1000 180.32 511.76 6.89 0.53

concluded that various factors were responsible for the
enhanced corrosion resistance, such as low porosity, the
formation of corrosion resistant oxides, and smaller grain
size.
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