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AA2024-T3 Exposed at a Seacoast Environment 
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ABSTRACT

The effective throwing power of a common metallic cladding 
was investigated by analyses of samples of scribed Alclad, 
AA2024-T3 (UNS A92024), which were exposed outdoors at 
Daytona Beach, Florida, for between 2 months and 18 months. 
Both optical microscopy of the exposed plane surfaces and 
cross-sectional metallography were performed to assess the 
effects of scratch width on the level of protection afforded.  
For scratches 5 mm wide or smaller, the exposed AA2024-T3 
substrates were generally well protected by AA1230 (UNS 
A91230) of the clad with only small corrosion pits, likely due 
to diurnal cycles that generated isolated electrolyte islands on 
exposed substrates. Conversely, for scratches between 6 mm 
and 10 mm wide, the exposed substrate was only partially 
protected by the clad, and the percentage of protection ap-
peared to decrease with scratch size according to simple qua-
dratic behavior. The clad exhibited significant pitting corrosion 
over its entire surface, independent of the size of the scratch. 
A computational framework was adapted to study the system 
described above. Computations showed that water layer 
thickness (WL), scratch size, [Cl–], passive current density (ip) 
of clad, and diffusion-limited current density (idl) of AA2024 all 
have a significant impact on the throwing power of clad. With 
[Cl–] = 1 M, WL = 25 µm, ip = 0.002 A/m2, and idl = 1.6 A/m2, 
the model produced results that compared well to the experi-
mental observations.

KEY WORDS: aluminum cladding, modeling, scratch, throwing 
power

INTRODUCTION

Clad aluminum sheet consists of thin layers of near-
pure aluminum that are metallurgically bonded to 
standard precipitation-hardened aluminum alloys. 
While the substrate provides mechanical strength, 
the aluminum coatings provide both physical and 
electrochemical protection for the substrate.1-2 Such 
a unique integration of strength and corrosion perfor-
mance has led to extensive applications of such mate-
rials (e.g., Alclad† AA2024-T3 [UNS A92024][1]) in areas 
such as commercial and military aircraft fuselage 
skins, wing skins, and other aerospace structures.

A number of studies have confirmed good perfor-
mance of Alclad after up to 30 years of field exposure 
and claimed protection of exposed substrate and 
edges adjacent to Alclad.1-4 Generalizing such data is 
difficult as actual structures would have a range of 
damage sizes and would be subject to corrosiveness  
of different degrees depending on environmental fac-
tors and the geometry of the damage. Quantifying the 
throwing power of such claddings and identifying the 
controlling parameters is important for corrosion pre-
diction modeling and cladding development. Because 
the restricted mass transport inherent in atmospheric 
corrosion conditions makes galvanic interactions be-
tween the cladding and any exposed substrate more 
difficult, this issue is of particular importance in aero-
space applications. Systematic studies of the throwing 
power of Al claddings in such systems, however, have 
not been reported in the open literature.
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The throwing power of Al cladding under realistic 
atmospheric conditions was thus investigated in this 
study by exposing Alclad AA2024-T3 with scratches 
of controlled size and geometry to an atmospheric 
marine environment at Daytona Beach, Florida. Cou-
pons were removed after different exposure times and 
the damage was characterized. The results of metal-
lographic examinations of the samples were comple-
mented by computational modeling of the thin fi lm 
exposure conditions using a computational code 
described in detail elsewhere.5

EXPERIMENTAL PROCEDURES

Specimen Description 
and Characterization Details 

Alclad AA2024-T3 coupons with dimensions of 
76 by 13 by 0.8 mm (3 by 1/2 by 1/32 in.) were used. 
The cladding consisted of ~50 µm AA1230 (UNS 
A91230) on both sides. On all coupons, controlled 
scratches were made in the clad by using an end mill 
to machine away the cladding across the width of the 
coupons to make rectangular-shaped defects of vary-
ing widths (1, 2, 5, 6, 7, 8, 9, or 10 mm) at the center 
of the coupons. The exposures were performed by 
the Battelle Memorial Institute (Columbus, OH) at 
its Daytona Beach exposure site. The samples were 
located on racks at a position 75 m from the mean 
high tide. Digital photos were taken periodically to 
record the condition of the coupons. After 2, 4, 6, 12, 
and 18 months of exposure, selected coupons (one 
sample from each group) were removed for further 
characterization.6

All as-received specimens were fi rst visually in-
spected and photographed. Specimens that had been 
exposed for 4, 12, and 18 months were selected for 
detailed investigation. As illustrated in Figure 1(a), 
these specimens were sectioned along their centerline 
(longitudinal direction), and one-half of each speci-
men was cleaned with acid (70% nitric acid [HNO3] 

for 10 min) and then inspected under the optical mi-
croscope (OM). The other halves of these specimens 
were further trimmed to 2.5 cm (1 in.) wide with the 
scratch centered in the middle. The trimmed pieces 
(highlighted with a dotted box in Figure 1[a] were then 
mounted in T-416† epoxy (Armstrong Epoxy Adhe-
sives). To avoid the anomalous deposition at the edges 
and to ensure that the one-dimensional modeling was 
appropriate, cross sections close to the centerline (the 
cut) were exposed for metallographic analysis.

Model Description
A computational mass-transport framework for 

occluded region corrosion7-9 was extended to study 
the galvanic interactions of an Alclad layer with its 
Al alloy substrate in the vicinity of a scratch exposed 
to a thin electrolyte.10 The model focuses on open-
circuit conditions and local galvanic couples. The 
model outputs are potential and current distribution 
profi les along the length of the specimens. Based 
on the projected potential profi les and a protection 
potential criterion, percentages of protection corre-
sponding to various scratch sizes were estimated. 
Both materials are assumed to have anodic passive 
regions limited by stable pitting at potentials above 
pitting potential (Epit) (varies with [Cl–]) and cathodic 
reactions dominating below corrosion potential (Ecorr) 
with both the pitting potential and the cathodic be-
havior determined by the alloy composition. Figure 2 
shows the typical kinetic inputs, and a detailed de-
scription of this framework and post-data analysis 
are documented elsewhere.5 Accurate electrochemical 
kinetics for Alclad and bare AA2024-T3 exposed to 
chloride solutions were used,11 including the observed 
decrease in the pitting potential with increasing chlo-
ride concentration. The model was used to study the 
dependence of the throwing power on water layer 
thickness (WL), scratch size, [Cl–], passive current 
density (ip) of clad, and diffusion-limited current den-
sity (idl) on the AA2024.

(a) (b)

FIGURE 1. Schematic of specimen sectioning (not proportional).Specimens were fi rst sectioned longitudinally along their 
centerline (dotted line); the lower halves were further trimmed on both ends to the edges of the dotted box. The upper halves 
were acid-cleaned for OM surface inspection. (a) Top view and (b) cross-sectional view of the segment.
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RESULTS

In this section, the results of visual inspection of 
the as-received samples are fi rst presented, followed 
by the optical microscope inspection of the cleaned 
surface, and metallographic analysis of the cross 
sections. For comparison, analyses of a set of bare 
AA2024 coupons exposed at the same site are also 
included. Finally, selected computational results are 
described in detail compared to the experimental 
observations.

Visual Inspection of As-Received Samples 
Figure 3 shows the as-received surface appear-

ance of selected coupons after exposure at DAB for 
various times, and Figure 4 presents higher magnifi -
cation views of the scribed regions of all the coupons. 
As shown in both of the fi gures, after two months of 
exposure, the exposed AA2024-T3 of all the specimens 
with various widths was largely free of corrosion while 
the clad (especially the parts adjacent to the exposed 
AA2024-T3) already showed signs of corrosion. With 
increasing exposure time, the following features of 
surface condition development were observed: 

—For a given scratch width, the amount of depos-
its on the exposed AA2024-T3 increased with 
time. Corrosion was often found in these areas 
by optical microscopy inspection after acid 
cleaning of the surface.

—The wider the scratch, the more deposits were 
formed on the exposed AA2024-T3. After 
18 months of exposure, the specimen with a 
10-mm scratch had a large number of deposits 
whereas most parts of the smaller scratches 
(5 mm or smaller) were still largely clean with 
only scattered deposits.

—For most of the specimens, one end of the 
scratch had more deposits than the other end; 
this is likely due to the orientation of the sam-
ples in the rack, which resulted in preferential 
deposits and aggregation of electrolytes at the 
bottom edge.

—Disregarding the anomalies close to the edge, 
the deposits on coupons tended to concentrate 
in the center of the scratches.

—The portions of the clad adjacent to the 
scratches had more deposits than the clad 
farther away from the scratches, with the 
amount of deposits appearing to increase with 
time as well.

Optical Microscope Inspection
of Cleaned Surfaces

Figure 5 shows the appearance of Alclad speci-
mens with various scratch sizes after 12 months of 
exposure at DAB and subsequent cleaning. It is im-
portant to note that the pattern seen on the coupons 
is from machine marks left by the end mill that was 

used to make the defects in the clad. Corrosion of 
specimens with 5-mm or smaller scratches was minor 
(isolated pits and in some cases a few corrosion 
clusters) and can be considered to have been largely 
protected (100% protection) by the clad. Conversely, 
the specimen with a 10-mm scratch corroded signifi -
cantly with not only pits, but also zones of generalized 
corrosion connecting the pits. The parts close to clad, 
however, appear to have much less corrosion as a 
result of the protection provided by the clad. Similar 
features were observed on the specimens exposed for 
18 months.

Another notable feature of the exposed AA2024-
T3 is, as illustrated in Figure 6, that those specimens 
with scratches as small as 1 mm wide still had many 
shallow pits and a small number of larger, isolated 
pits. As discussed later in the Discussion section, 
these pits are likely caused by fl uctuations in the 
water layer thickness during diurnal cycles.

(a)

(b)

FIGURE 2. Kinetics input into the model: (a) Alclad and (b) AA2024 
(for WL = 25 µm). Also shown is the dependence of the Epit values 
on [Cl–].
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FIGURE 3. Surface conditions of scribed Alclad specimens after different exposure times at DAB. The amount of deposits/
corrosion products on scratches increases with scratch size and exposure time and tends to concentrate in the middle of 
scratches. The Alclad adjacent to scratches experienced more corrosion than the Alclad farther away, and the amount of 
corrosion appears to increase with time as well.

FIGURE 4. Surface conditions of the scribed Alclad specimens after different exposure times at DAB. Deposits/corrosion 
products on scratches increase with scratch size and exposure time and tend to concentrate in the middle of the 
scratches.
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While the coupons with 5-mm or smaller scratches 
were 100% protected, the percentage of the scratch 
area protected for the larger scratches was estimated 
to quantify the throwing power of the cladding. To 
minimize the interference from the diurnal cycle-
induced corrosion, two approaches were used:

—Coupons exposed for a shorter time (4 months) 
were used.

—A protection range was estimated for each 
scratch size.

The range was estimated in two ways to bracket the 
extent of damage:

Minimal protection—the area protected assuming 
minimal diurnal cycle-induced corrosion (i.e., all cor-
rosion was caused by the limited clad throwing power 
except some isolated pits close to the clad edges). 

Maximum protection—the area protected assum-
ing signifi cant diurnal cycle-induced corrosion (i.e., 
the intermediate areas with moderate attack were 
attributed to diurnal cycles). 

FIGURE 5. Surface conditions of Alclad specimens with various scratch sizes after 12 months’ exposure at DAB: 
(a) 1 mm, (b) 2 mm, (c) 5 mm, and (d) 10 mm. Coupons with 5-mm or smaller scratches had only moderate or minor 
corrosion (roughly 100% protection), whereas the one with the 10-mm scratch was corroded signifi cantly in the middle of 
the scratch. The pattern seen on the coupons is from machine marks left by the end mill used to make the scratches. The 
black areas are the corroded regions.
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Although the determination of “signifi cant diurnal 
cycle-induced corrosion” can be rather subjective, it 
was determined in such a way that the estimated cor-
responding protection was always 20% higher than 
that estimated by assuming minimal diurnal-induced 
corrosion. 

The estimated protection ranges of these coupons 
are graphically shown in Figure 7 using two differ-
ent types of bars (grid bar for minimal protection and 
solid bar for maximum protection). Considering the 
symmetric nature of the scratch surfaces, only ap-
proximately half of each scratch is presented. Figure 
7 shows that, for all the scribed coupons, the regions 
adjacent to Al clad were well-protected while the parts 
in the center of the scratches were moderately (6-mm 
to 9-mm scratches) or signifi cantly (10-mm scratch) 
attacked.

In summary, the following observations were 
made from the OM inspection of the cleaned surfaces:

—Scratches of 5 mm or less in width were gener-
ally protected by clad, while scratches between 
6 mm and 10 mm wide were only partially 
protected.

—Even scratches well protected by the clad were 
still subject to isolated pitting corrosion.

The OM inspection also shows (Figure 6) that the 
AA1230 cladding closest to the scratches suffered 
severe corrosion. In fact, the corrosion of this region of 
cladding was more severe than that in the scratches, 
as illustrated in Figures 8 and 9, and much more se-
vere than the areas of the cladding farther away from 
the scratch (Figure 3).

Metallographic Analysis
12-Month Exposures — Figure 8 shows a series 

of cross-sectional views of a specimen with a 5-mm 

scratch exposed at DAB for 12 months that well rep-
resents the behavior of all specimens with smaller 
scratches. The exposed AA2024-T3 was largely unat-
tacked. This fi gure also shows that some parts of the 
clad (i.e., Point 4) experienced signifi cant pitting cor-
rosion, which, in some areas, almost penetrated the 
entire thickness of clad AA1230. In agreement with 
the OM analysis, the overall corrosion of specimens 
with 5-mm or smaller scratches was minor and the 
exposed AA2024-T3 can be considered to have been 
protected by the clad.

As shown in Figure 9, a 10-mm scratch ex-
perienced signifi cant corrosion after 12 months of 
exposure. A signifi cant pit (Point 5 in Figure 9) was 
observed (~20 µm deep and about 3.8 mm away from 
the clad to the right). It is also evident that corrosion 
tended to concentrate in the middle of the scratch 
while the areas of the substrate close to the clad were 
well protected. It is noted that in the as-received con-
dition, the entire AA2024-T3 region was often covered 
with deposits, although the underlying AA2024-T3 
was found to have not suffered corrosion (as evi-
denced by Point 6). These deposits could have been 
salt deposits from the atmosphere and/or corrosion 
products formed elsewhere, but transported by wind 
or rain action. Upon acidic cleaning, these deposits 
were easily removed.

18-Month Exposures — The 18-month exposure 
samples shown in Figures 10 and 11 are qualitatively 
similar to the 12-month samples, although the extent 
of corrosion increased. After 18 months of exposure, 
the exposed AA2024-T3 of specimens with 5-mm (Fig-
ure 10) or smaller scratches were largely free of corro-
sion, although some parts were occasionally covered 
with deposits. The specimen with the 10-mm scratch, 
however, experienced more severe corrosion than was 

FIGURE 6. Surface condition of Alclad specimens with a 1-mm scratch after 18 months’ exposure at DAB (~3.5 mm to 
the upper edge): (a) overall view of the exposed AA2024-T3, which has many scattered shallow pits and a few signifi cant 
isolated pits likely due to diurnal cycling; (b) a signifi cant pit (~0.2 mm to the right edge); (c) condition of AA1230 cladding 
next to the scratch that was heavily corroded although not uniform. The pattern seen on the coupon is from machine marks 
left by the end mill used to make the scratches. The black areas are the corroded regions. 
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observed at 12 months. Both pitting and intergranu-
lar corrosion, as shown in Figure 11, were observed. 
The numbers in Figure 11 indicate a variety of loca-
tions of interest. Points 1, 2, and 22 through 24 were 

not attacked, whereas the other points all showed 
different levels of attack. As for the 12-month sample, 
corrosion was more frequent near the middle whereas 
areas close to the clad were largely protected.

FIGURE 7. Surface condition of Alclad specimens with various scratch sizes after 4 months’ exposure. Considering the 
symmetric nature of the scratch surfaces, only about half of each scratch is presented. The black stains are the result of 
corrosion, and the clad is out of each picture to the left. 
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FIGURE 8. Cross-sectional photomicrograph of Alclad specimen with a 5-mm scratch after 12 months’ exposure at DAB. 
The exposed AA2024 was largely unattacked. (Point 2 is about 3.2 mm from the left edge; Point 4 is about 0.2 mm from 
the right edge.) 

FIGURE 9. Cross-sectional photomicrograph of Alclad specimen with a 10-mm scratch after 12 months’ exposure at DAB. 
Signifi cant corrosion was observed in the middle of the scratch while regions close to Alclad were largely free of corrosion. 
(Position of selected points, distance from the left edge of scratch: Point 3, ~3.0 mm; Point 5, ~6.2 mm; Point 6, ~6.7 mm.)
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FIGURE 11. Cross-sectional photomicrograph of Alclad specimen with a 10-mm scratch after 18 months’ exposure at DAB. 
Signifi cant corrosion was observed in the middle of the scratch while regions close to Alclad were largely free of corrosion. 
(Position of selected points, distance from the left edge of the scratch: Point 4, ~2.6 mm; Point 15, 7.2 mm; Point 19, 
7.9 mm.)

FIGURE 10. Cross-sectional photomicrograph of Alclad specimen with a 5 mm-wide scratch after 18 months’ exposure at 
DAB. The exposed AA2024 was largely free of corrosion. (Position of Point 2: ~2.3 mm from the left edge of scratch.) 
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For comparison, a set of bare AA2024-T3 coupons 
(45 by 17 by 0.6 mm) that were exposed at DAB for 3, 
6, 12, and 24 months were also analyzed. These cou-
pons were acid cleaned before shipping.12 Figure 12 
compares the surface condition of bare AA2024 and 
scribed Alclad AA2024 for different exposure times. 
As expected, bare AA2024 experienced much more 
severe corrosion than those scribed Alclad coupons. 
Bare AA2024 coupons, for example, exhibited wide-
spread corrosion after only two months of exposure 
(Figure 12[a]) and extensive attack after twelve months’ 
or longer exposure (Figures 12[c] and [d]). Figure 13 
shows two selected cross-sectional images of areas of 
bare AA2024-T3 after 12 months’ exposure, in which 
corrosion in one case had penetrated two-thirds of the 
thickness of the coupon (~0.6 mm). Even the 10-mm 
scribed specimens, in contrast, only exhibited an 
~20-µm-deep pit (shown in Figure 9) after the same 
exposure period. This observation thus confi rmed the 
protection effect of AA1230 cladding, even when pro-
tection is not complete.

Computational Modeling 
Figure 14 shows the calculated percentage of the 

AA2024-T3 scratch protected as a function of scratch 
width for a range of parameters, as well as the aver-
ages of the estimated protection ranges for coupons 
exposed at DAB for 4 months together with ±10% 
error bars. The data point corresponding to 100% pro-
tection of a 5-mm scratch was based on observations 
from specimens exposed for one year described ear-
lier. Although a wide range of input parameter combi-
nations (2 levels for WL and [Cl–], 2 levels for ip and idl) 
was tested, only one set of computations accurately 
predicted the experimentally observed trend of protec-
tion with increasing scratch sizes: [Cl–] = 1 M, WL = 
25 µm, ip = 0.002 A/m2, idl = 1.6 A/m2.

Figure 14 also illustrates the effect of [Cl–], ip, idl, 
and WL. Using the case of [Cl–] = 1 M, WL = 25 µm, 
ip = 0.002 A/m2, and idl = 1.6 A/m2 (empty squares as 
shown) as reference, the qualitative effect of the pa-
rameters can be seen. The protection provided by the 
clad signifi cantly decreased when [Cl–] was decreased 

FIGURE 12. Surface condition of bare AA2024 compared with scribed Alclad AA2024 (all specimens were acid-cleaned). 
Bare AA2024 exposed after: (a) 4 months, (b) 6 months, (c) 12 months, and (d) 2 years. Scribed Alclad AA2024 with 
10-mm scratches exposed after: (e) 6 months, (f) 12 months, and (g) 18 months. Corrosion of bare AA2024 is evidently more 
severe than scribed Alclad coupons. (For each coupon, only a representative portion of 10 mm by 5 mm was presented for 
comparison.)



CORROSION SCIENCE SECTION

CORROSION—Vol. 62, No. 3 261

from 1 M to 0.5 M (fi lled diamonds). This effect is as 
expected as lower [Cl–] reduced the conductivity of 
the surface electrolyte. The case with the larger idl 
(6.4 A/m2) (the empty circles) represents a situation in 
which the cathodic reaction rate is enlarged, for ex-
ample, when Cu replating has taken place. Under 
these circumstances the clad provided less protection: 
only 24% protection for the 5-mm scratch (S = 2.5 mm) 
and 10.5% for the 10-mm scratch. The case with the 
larger ip (0.02 A/m2) (fi lled triangles) projected a mildly 
higher protection, i.e., 25% for the 10-mm scratch. 
The predicted protection for the control case with ip = 
0.002 A/m2 was 20.9%. When the WL was increased 
from 25 µm to 100 µm, the calculation projected that 
the clad could provide full protection for scratches up 
to 10 mm, suggesting a signifi cant positive effect of 
WL. A detailed summary of computational results of 
these cases is provided in Table 1, showing that all 
these parameters have a signifi cant impact on the 
throwing power of the cladding.

DISCUSSION

Metallic claddings have a long and successful 
history of protecting structural materials. The devel-
opment and implementation of Al clads for precipita-
tion-hardened aluminum alloy is responsible for the 
greatly improved corrosion performance of aircraft 
structures using sheet product. Sacrifi cial cathodic 
protection has been widely studied both experimen-
tally13-14 and computationally15-16 for conditions of full 
immersion in electrolytes, including soil. The state 
of the art allows the effi cient design of sacrifi cial ca-
thodic protection systems via optimal placement of 
immersed anodes. The situation is substantially dif-
ferent for materials exposed to atmospheric conditions 
in which a thin electrolyte layer develops. Whereas 
there have been many outdoor exposures at seacoast 

FIGURE 13. Cross-sectional photomicrograph of bare AA2024-T3 after 12 months’ exposure at DAB. (a) Corrosion in one 
case had penetrated as far as 2/3 of the whole coupon thickness. The bare AA2024 exposed at DAB for 12 months was 
sectioned along the dotted line as shown in (c), and the lower part was mounted for cross-sectional examination. 

FIGURE 14. Calculated percentage of protection as a function 
of scratch width for a range of parameters, compared with the 
experimental observation. The case with [Cl–] = 1 M, WL = 25 µm, ip = 
0.002 A/m2, and idl = 1.6 A/m2 best fi ts the experimental observation. 
(0.01 A/m2 = 1 µA/cm2).

TABLE 1
Effect of Various Parameters 
on Throwing Power of Alclad†

 Parameters 5 8 10

   Percentage of the exposed 
   AA2024 protected
 Base case(A) 100  29.4  20.9
 Lower [Cl–]:(B) 0.5 M  45  16.2  12.9
 Higher ip:

(B) 0.02 A/m2 100  39.2  25.5
 Higher idl:

(B) 6.4 A/m2  24  13.1  10.5
 Higher WL:(B) 100 µm 100 100   100

(A) Base case: [Cl–] = 1 M, WL = 25 µm, ip = 0.002 A/m2, idl = 
1.6 A/m2.

(B) The only parameter changed compared to the base case.

(a) 5.2 mm to the right edge of coupon (b) 2.4 mm to the right edge of coupon (c)

Size of Scratch (2S, mm)
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and other sites of clad material as well as laboratory 
exposures, little quantitative information is available 
regarding the throwing power of clads under thin fi lm 
conditions. Computational studies of corrosion in 
thin electrolytes have been limited to material couples 
whose individual components exhibit electrochemi-
cal kinetics that obey the linear or Tafel relation.17-19 
Neither Alclad nor AA2024-T3 exhibit linear or Tafel 
behavior in either their anodic or cathodic kinetics.

Figures 12 and 13 clearly demonstrate the ben-
efi ts of Al cladding. The bare AA2024-T3 was severely 
attacked during exposure to the aggressive seacoast 
environment, suffering extensive pitting, in some 
areas removing ~0.4 mm (ca. 2/3) of the material 
thickness. For the conditions tested here, scratches 
below 5 mm in width can be completely protected 
for long periods of time (>18 months) by Alclad. The 
small pits scattered over the surface in these speci-
mens are most likely due to fl uctuations in the water 
layer thickness during diurnal cycles. During times 
of drying, the solution layer thinned until electrolytic 
contact was lost between the clad and the AA2024-T3. 
At that point, isolated solution droplets formed on the 
surface, decoupling areas within the scratch from the 
cladding. The limited size of the pits (typically a few 
microns or less) supports the idea that they do not 
grow for long and do not have a large cathodic area 
available to support their growth.

Although small scratches (5 mm or smaller) enjoy 
full protection from the clad, larger scratches were 

only partially protected. For example, the 10-mm 
scratch suffered extensive pitting and intergranular 
corrosion, with the damage being observable quite 
quickly (4 months). Under this condition, only 10% 
to 30% of the scratch nearest the clad was protected. 
The scratch area farther away from the clad exhibited 
corrosion that grew over the entire 1.5-year exposure 
period. This focusing of the attack near the center of 
the scratch is as expected, but this work represents 
one of the few systematic, quantitative measurements 
of the extent of the protection available in the open 
literature. The observation of intergranular corro-
sion (Figure 11) implies that either the potential of 
the scratch was reasonably high, as intergranular 
corrosion is observed at elevated potentials in poten-
tiodynamic scans,20-21 or that a concentrated chloride 
solution with substantial acidity was present.22

Interestingly, the empirical equation obtained 
from the data fi tting suggests a simple relation be-
tween scratch size (2 × S, 5 mm ≥ S > 2.5 mm) and 
percentage of protection (y):

 y S= ×620 2–  (1)

where S is the size of half of a scratch, and the units 
of S and y are mm and %, respectively. When S is 
2.5 mm or smaller, y = 100 %. The actual length 
of the protected scratch Xprot (y × 2S) thus increases 
linearly with the inverse of S:

 X S S mmprot = ≥ >12 4 5 2 5. / ( . )mm  (2)

This relation does not correspond to the known 
crevice corrosion scaling law,7-8,23-25 as might be ex-
pected because of the similarity in mass transport. To 
explore the possible origin of this deviation, potential 
profi les of several scratches for the case that best 
predicts this experimental observation were plotted in 
Figure 15 ([Cl–] = 1 M, WL = 25 µm, ip = 0.002 A/m2, 
idl = 1.6 A/m2). Apparently, as the scratch size (2S) 
increases, the potential at the scratch center (last 
point to the right of each curve) gradually approaches 
the open-circuit potential (OCP) of AA2024-T3. When 
S = 5 mm, for this particular case, the potential profi le 
stabilized and will not change with a further increase 
of scratch size because the OCP has been reached. 
Given a chosen protection criteria, e.g., –0.69 V, Xprot 
can be divided into three zones of interest based on 
the length of scratches:

—small scratches (i.e., S < ~3 mm for this par-
ticular case), Xprot = 2 × S

—intermediate scratches (i.e., ~3 mm < S < 5 mm), 
Xprot decreases with scratch size and the trend 
can largely be described by Equation (2)

—large scratches (i.e., S ≥ 5 mm), Xprot is a con-
stant that would thus satisfy the scaling law

An inherent assumption in scaling laws is that the 
bounding potentials (i.e., at the center of the scratch 

FIGURE 15. Potential profi les of scratched AA2024-T3 for a selected 
case. S is the size of the half scratch. Based on a protection criterion 
that E < –0.69 V, the parts in the gray region are protected by the 
Alclad. With increased scratch size, the potential profi le changes and 
the potential at the scratch center (last point of each curve) gradually 
approaches the OCP of the alloy. Once this value is reached (S = 
5 mm), the potential profi le stabilizes, suggesting a constant 
protection area Xprot for larger scratches (S ≥ 5 mm). For scratches 
3, 3.5, and 4 mm, Xprot decreases with scratch size; for scratches 
2.5 mm or smaller, Xprot = 2 × S. 
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and at the far end of the clad) remain constant. This 
issue will be further addressed in a future report.

Modeling of atmospheric exposures is extremely 
challenging due to the transient nature of the envi-
ronmental conditions. Nonetheless, insights can be 
gained by determining what sets of steady-state con-
ditions would result in the distribution of the attack 
observed. Because of the complex and highly nonlin-
ear electrochemical kinetics used, the development of 
solutions based on nondimensionalized parameters is 
not possible. The fact that the higher chloride concen-
tration (1 M) with the small WL (25 µm) best describes 
the experimental data might suggest that the WL 
present in the fi eld is of that order. It is important to 
note that the model assumes a constant water layer 
and considers an instantaneous coupling, whereas 
the fi eld tests surely were subject to oscillations on 
the WL. Nonetheless, the agreement between indepen-
dent experimental and computational results implies 
that the protection ability of metallic claddings can be 
predicted computationally.

CONCLUSIONS

❖ For scratches 5 mm wide or smaller, the exposed 
AA2024-T3 was generally well protected by Alclad. 
❖ For scratches larger than 5 mm, the percentage of 
protection decreased with increasing scratch size ac-
cording to a simple quadratic equation.
❖ In all cases, Alclad experienced the most severe 
corrosion near the clad/scratch junction.
❖ Besides corrosion within the scribes due to the lim-
ited throwing power of the clad, scattered pitting cor-
rosion within the scribes was observed due to diurnal 
cycles of wet-dry cycling, which led to islands of solu-
tion on the substrate ionically isolated from the clad.
❖ Computation shows that WL, scratch size, [Cl–], ip 
of clad, and idl of AA2024 all have a signifi cant impact 
on the throwing power of clad.
❖ Modeling calculations produce comparable results 
to experimental observation using reasonable input 
parameters ([Cl–] = 1 M, WL = 25 µm, ip = 0.002 A/m2, 
and idl = 1.6 A/m2). 
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