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ABSTRACT Localized corrosion in the form of pitting is recognized as one of the degradation
“rocesses that affect the durability of structures. In a 2024-T3 aluminum alloy, pitting was
Heerved to nucleate and develop at constituent particles, which are either anodic or cathodic relative
", the matrix. Two modes of pitting were identified : pitting associated with the galvanic coupling
Herween matrix and isolated particle ; and severe pitting that results from the interaction with a
uster of cathodic particle. A mechanistic model of severe pitting based on galvanic corrosion and
~esults of simulation are presented.
Keywords : alluminum alloy, pitting corrosion, modelling, numerical simulation

1. INTRODUCTION

High strength aluminium alloys are susceptible to corrosion and corrosion fatigue that can
“ompromise the integrity of structures. Microstructural heterogeneities such as constituent particles
nlay a major role in the localized corrosion for these alloys [1,3]. The mechanism involved in the
cveloppement of localized corrosion on 2024 T3 alloy is the galvanic coupling between constituent
particles and the matrix [4]. Two types of particles were identified ; one containing Al, Cu and Mg
acting as anode versus the matrix and the other, Al, Cu, Mn and Fe acting as cathode relative to the
matrix. Twenty-five percent of the overall particles ( 3,000 mm™ ) are cathodic and banding and
“lustering along the rolling direction is evident.

In situ monitoring of pitting process on 2024 T3 in 0.5 M NaCl was performed using long
‘ocal length video microscopy [5]. Two modes of pitting corrosion were identified : namely, (i)
pitting associated with single particles, and (ii) severe pitting resulting from growth in depth of
corrosion cavities at selected sites. Because severe pits are potential sites for corrosion fatigue crack
‘nitiation, emphasis is placed herein on the mechanistic understanding and modelling of this process.
Probabilistic modelling for the growth of corrosion pits taking into account the role of clustered
particles was proposed [6]. Three different models with increasing complexity relative to
seometrical assumptions on the shape of corrosion cavities were detailed. A lack in mechanistic
.nderstanding was apparent. A mechanistic model fully based on galvanic corrosion is presented

nere.

2. DEVELOPMENT OF THE MODEL

The corrosion process considered in this model is the galvanic coupling between constituent
“articles and the matrix. The first step consists on the measure and the modelling of the growth of
bitting associated with a single particle. This is the basis of the severe pit modelling since a galvanic
Current as a function of the cathodic to anodic surface areas ratio is obtained. The second step is the
“sessment of the anodic and cathodic surface areas during the propagation of the severe pit through
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the particle cluster. The growth kinetics are then evaluated from the knowledge of the
current inferred from the first step result.

Qalh i

2.1 Pitting associated with single particles

This is a typical problem of galvanic corrosion where two media of different electrochen:
characters are in contact. Several investigations on accelerated corrosion of dissimilar metals w
are electrically coupled and exposed to a corrosive environment were reported [7-12]. Based
general theory of galvanic corrosion [10, 11], the dependence of the anodic and cathodic gal .
current densities and the galvanic potential on the cathodic to anodic surface ratio areas
derived. The calculation, however, required a knowledge of electrochemical character of «
uncoupled metal and considered only coplanar electrodes. For galvanic corrosion betw.
constituent particles and the matrix, the pit morphology led to geometrical changes of anodic
cathodic surfaces with time. Furthermore, electrochemical behavior of uncoupled particles
matrix are not known. The evaluation of galvanic current, cathodic and anodic surface areas mus:
then approach experimentally by making some assumptions on the pit geometry. This is illus:

in a flow diagram presented in figure 1.
Particle morphology and Pit morphology Pitting kineties
electrochemical behavio; V=1(r) r=t1) )

1. Quantitative assessment of the

L]
1
galvanic  current between constituent :

particle and matrix. V : pit volume, r : pit FARADAY LAW
radius, Sc : cathodic surface area, Sa
anodic surface area, Ig : galvanic current.

Fig.

Pit

|
: !
matrix Pl

10 zm
Fig. 2. Corrosion pitting resulting from
galvanic coupling between cathodic particle
and the matrix. 2024 T3 alloy in 0.5 M
NaCl at free corrosion potential

Fig. 3. Pit morphology associated to
cathodic constituent particle.
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Particle morphology and its electrochemical behavior were obtained after a corrosion test and
removal of corrosion products. The scanning electron microscopy picture presented in figure 2
shows typical pitting produced by galvanic coupling between cathodic particle and matrix.

From this observation, a model of pitting (figure 3) associated with single particle is proposed
making the following assumptions : (1) Cathodic particle is a rectangular prism with the dimension
along the rolling direction being higher than those in the transverse and short directions, (2) Pit
initiation occurs at the particle-matrix interface, (3) Anodic dissolution of the matrix is isotropic, (4)
The cathodic surface where reduction reaction occurs is the particle surface in contact with the
electrolyte. The anodic surface is the substrate surface of the pit.

The dimensions of the particle along the rolling, transverse and short directions are
respectively a, b and c. The pit size is given by r. Forr < ¢, the cathodic and anodic surface areas as
well as the pit volume are easily obtained :

Forr<c, SC:ab+2r(a+b)
S,=nr(a+b+2r) (1)
V. = 2(a+b 2r)
pit—nr T+—3—

The pitting kinetics in terms of r = f(t) needs to be measured experimentally. In situ
monitoring of the pitting process was performed during corrosion test by using long focal length
video microscopy. A particle with a rectangular shape was chosen before immersion of the specimen
and r was measured. Picture presented in figure 4 show the shape of the cathodic constituent particle
and the pit growth 16 h after immersion.

Fig. 4. In situ monitoring of corrosion
pitting (b) resulting from galvanic coupling
between cathodic particle (a) and the matrix.
2024 T3 alloy in 0.5 M NaCl at free
corrosion potential, 16 h after immersion.

10 pm

The pit size r was measured continuously from immersion to 17 h and could be expressed
according to time t (in secondes) by :
r=6.10"%¢%% 2
From Eq. (1) and Eq. (2), S, , S, in m* and Vi in m? are deduced as a function of time in
secondes, the particle dimensions a and b being respectively 17.10° Smand 6.10 °m:
S.=10""+276 107" t %
8,=2.7.10" 1% 195 (3)
Vpi[ =910" 20 t 0.95
From V(t), the galvanic current Ig (in amperes) associated to the anodic dissolution of the
matrix surrounding the cathodic particle is obtained by the Faraday law :
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where M is the molecular weight of the alloy (M = 27 g/mol), n the valence of oxidized spet
(n = 3), F the Faraday constant (F = 96,514 C/mol) and p the density (p =2.7 10° g/m°).

Consequently, from Eq. (3 ) and Eq. ( 4 ) the expression of I, can be approximated versus
ratio cathodic to anodic surface areas as :

g S,
[, =17.10°+5.10" logs—‘ (5)
This quantitative assessment of the galvanic current as a function of surface areas is usc
the severe pitting model described in the following section.

2.2 Severe pitting model

Severe pitting is clearly associated with clustering of type cathodic particles. It can be
that the severe pitting surface density is very low according to that of pitting on single partic
After 20 hr of a corrosion test, the severe pit density is about 1.5 pit.mm™. The approach ains
modelize the growth of this severe pit in a particle cluster, the postulated driving force being
galvanic coupling between particles and matrix. Only the general features of the model are presc

in this section, numerical computations are currently performed and the results will be prese
later.

Morphological observations of severe pits after corrosion test showed that their shape «
be approximate by a rectangular prism (figure 5).The dimension A along the rolling direction
most of the case higher than B and C, and the side 6 is the mouth of the pit. Severe pit propag
a particle cluster. Therefore, at each time t of the propagation, the cavity sides intersect cl

particles of the cluster. It is then possible to compute the cathodic and anodic surface areas on -
side of the pit at time t.

Fig. 5. Severe pit and particle shape -
considered in the model.
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The total cathodic surface area S¢ion side 1, is then given by :
n
Sc1 = ; Syj
with S;; given by :
Sij= {(‘ -1 {[b; (*J' 15J)H(_' Is;) - (bJ + 14;)H(* + 141)] [H(- 1y - .)*‘ H(l5; -
[4 (-+ 12J)H( )+ i)~ ( - 13j)H(5 -15) [0 - )+H(- 5 1)1+ ( L. 75)
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by - b; by An e ;T a  — a ci
H( - 15)-CL + G + 1) ][ay -5 + )HG + 12)-( - TR - 1)) § (5 - 1)
LT I b; — bi = a a
H(G + )HEG +I)H(G - Tgn(G+ LH( - 1)
with H (x) = I forx >0 gnq Tii , the algebric distance between the particule Pj centroid and the face
0forx<0 : ;
Sj of the severe pit.
The anodic surface area S,, is obtained by :
Sa1 = Sy - Spsl
with S, the total surface area of the side S, and S, the total surface arca of the particle sections on
side S;.
Sps1 is given by :
n T P bj | —Ves(bi 4 G+ )= -
sl :J;I [bj — (*j'-lsj)H(*zi-lsj‘) - (§1+ l4j)H(5"+14_i)][aj -(5 +12_1)H(5+ ‘2_;)—(5 - T3;)

(5 )G -G+ G + R - HE + BHE - 1)
2 2 2 2 2 2 2

S

From this information and Eq. ( § ), the propagation rate of side 1 a1l s given by :
t
1
t ] np F Sai
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Fig. 7 : Simulation of severe pit growth through a cluster of 1800 cathodic particles.
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The propagation rate of each side of the severe pit is computed step by step. The ¢
steps of the numerical simulation are : (1) generation of the cathodic particle cluster cohery,
statistical analysis of particle distribution (truncated by the interface metal-electrolyte and ¢,
in the rolling direction), (2) definition of the initial cavity for severe pit initiation, (3) compu:.
the cathodic and anodic surface areas on each side of the pit, (4) computation of prop

agation
each side.

The program was written under the sofware MATLAB (Scientific Software
Simulation of severe pit growth through a cluster of 1,800 particles is shown in Fig. 7. Initiu
and the cavity after 8,321 iterations corresponding to 2,31‘1 hours in real time are d_cscr:'\_
average computed growth rate in LT direction (for the first 48 hours of propagation) i«
6.5.10" ms"' that is the same order of magnitude than the experimental grow;
(8.3.10" m.s™"). The other average computed growth rates in ST and L directions are resho.
0.8.10" m.s" and 7.7.10" m.s'. The corresponding experimental rates are 2.2.10°'" n .
17.10"% m.s™", , -

The influence of particles distribution and morphology on the pit growth anisov
currently studied by making computations on clusters containing cubic particles and /or ¢lc
along the rolling direction.

3. CONCLUSION -

A mechanistic model for severe pitting on 2024 T3 alloy is proposed. The mechanisn
growth considered is the galvanic coupling between cathodic constituent particles‘ and the
From in sity monitoring of pitting process by video miCl’OSC(?py and some' assumpgons the g
current is given as a function of the cathodic and anodic surface arc?as'. This galval-nc cgrrcﬁ S
in a mechanistic model to compute the growth rate of severe. Preliminary numerical sunyht (
the severe pitting model are presented. This is of a great interest in the prediction of <o
fatigue crack initiation time.
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