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Mechanism of localized corrosion
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In marine environments, more pits develop on SiC reinforced aluminum alloy composites
than on their unreinforced counterparts. Although it has been suggested that the SiC plays
an active role in composite corrosion by fostering the initiation of pits, this fact has not
been conclusively demonstrated. The present paper considers data of two independent
investigations concerning the effects of alloy type, and heat treatment on pit initiation in
SiC reinforced aluminum composites. For four alloys, it is shown that pit initiation is
dependent on the alloy type and heat treatment. Further, microscopic observations show
that pit initiation sites are correlated with secondary phase particles. Results suggest that
secondary phases, rather than the SiC particles, contribute to the pitting behavior of the
composites. © 2000 Kluwer Academic Publishers

1. Introduction than on Al 6013, however, they are shallower and more
Because of the evolution of applications with de-widely spread. The presence of secondary phases such
manding performance criteria in recent years, attentiors MgSi makes the SiCrich areas, SiC-matrix interface
has shifted considerably from conventional to newlyor secondary phases highly reactive, however, there is
emerging engineering materials. Materials developho clear evidence to show whether the pits nucleate on
ment is now focused on high performance polymersSiC rich areas, SiC matrix interface or at secondary
advanced ceramics, and composites for a wide varietphases. Identification of the pit initiation sites is vital
of applications. Aluminum alloy 6013 is an Al-Mg-Si- to an understanding of pitting mechanism in metal ma-
Cu alloy developed in recent years by Alcoa. It has arix composites. In this work, experimental results of
15% higher tensile strength than alloy 6061-T6 and acorrosion investigations on Al 6013-20 SiC are com-
good resistance to corrosion [1, 2]. Because of the compared with similar results from other aluminum alloys,
bination of attractive mechanical properties, weldabil-in order to contribute to the enhancement of knowledge
ity, formability and corrosion resistance, alloy 6013 ison the corrosion mechanism of Al-SiC composites in
finding increasing applications in aerospace, defenseghloride environment.

automotive and general structural applications [3, 4].

The development of Al 6013 reinforced with 20 vol %

SiCis arecentoccurance [5, 6]. The composite exhibitd.1. Experimental

a higher fracture toughness and mechanical strengt8ilicon Carbide was blended with Al 6013 aluminium
than its unreinforced counterpart. Similar behaviour hagpowder. The mixture was consolidated in a billet 18
been observed for Al 2024, Al 5456 and Al 6061 [7, inches diameter. The billet was extrudedsat 3 inches

8]. The corrosion behavior of Al 6013-20 SiC has beendiameter rod. The rods were forged and rolled to a 0.1
recently described [9]. Pitting is the major form of lo- inch thick steel. The sheets were then left in the as fab-
calized attack on Al 6013-20 SiC in chloride solutions. ricated condition or heat treated to O or T4 temper. T4
A larger number of pits are formed on the compositewas heated at 54€C for an hour and aged for one day.
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TABLE | Nominal compositions of the aluminum alloys

Alloy Heat

designation treatment Si Fe Cu Mn Mg Cr Zn Ti Al

6013 T-4,0 0.6 0.5 1.0 0.8 0.8 0.1 0.25 0.1 Balance
6061 T-6 0.6 — 0.27 1.0 1.0 0.2 — — Balance
5456 T-6 — — — 0.8 5.1 0.12 — — Balance
2024 T-6 4.4 — — 0.6 15 — — Balance

The grain size of the composites was 10 microns ob, voLTs,

tained at 50&. The distribution and size of the silicon 1 -0.500 1

carbide particulate, SiC(P) is observed best atx1,00

500x and 1006<. The nominal compositions of the 2

aluminum alloys considered in this work are given inz 706001

Table I. All alloys listed above except 5456 are hea1: TEp (Egppy)

treatable. > -0700 f—— =~ — - -—= POSSIBLE
2 #
; -0.800 _E_p_p ______ :

1.1.1. Sample preparation £ o

The samples were successively ground with 320, 40& | i

and 600 grit SiC and polished with 6 micron diamond 0900 Y ot o

paste on struers Dac cloth and rinsed in de-mineralize & o I(')z' ‘1-03 VPR I'O7NA/CM2

H,O and ethyl alcohol, followed by struer 0.Q4m

silicaop Nap. These samples were given one of the three

heat treatments. (1) Solution treatment at"®2%r 30  Figure 1 A typical cyclic polarization curve.

minutes followed by aging at room temperature, (T4).

(2) Annealing at 350C for three hours followed by

furance cooling, (O). (3) Samples as fabricated (F). Allgirection until the forward and reverse scan intersect.

other alloys had a T6 heat treatment and were groungyg important parameters, pitting potentil,j and

to 600 grit prior to electro-chemical polarization. protection potential &) are obtained from the curve.
A typical cyclic polarization curve is shown in Fig. 1.

CURRENT DENSITY ——

1.1.2. Test media
All tests for Al 6013 were conducted in 3.5 wt% NacCl.

Tests for all other alloys were conducted in 0.1 N NaCl 1.1.5. Microanalytical studies
(de-aerated). All microanalytical studies were conducted by a low

vacuum scanning electron microscope (LV SEM). In
LVSEM, an additional pumping system has been added
so that the specimen chamber can be maintained in low

1.1.3. Exposure tests for pitting : L ; :
Experiments were conducted in triplicates in accor-vacuumwhile the columnis in ahigh vacuum state. This

dance with ASTM Standard G-31-72. Samples af-Will void the problem of charging a specimen with com-
ter preparation were exposed in 3.5 wt% NaCl forpl_icated surface morphology. A microanalysis system
1000 hours under open air contact. The solution wad/ith @ Quant Map software package for X-ray mapping

gently stirred. The samples which were exposed to 3.504/as used for Energy Dispersive Spectroscopy (EDS)

- . ; tudies.
NaCl were treated with a mixture of 20 g potassmmS . . :
dichromate (KCr,O7) and 28 ml (28 cm?) orthophos- X-ray diffraction (XRD) studies were conducted on a

phoric acid in distilled water. Disc specimens of 1.5 cm8013-20 Sic Samp"?- Diffraction pattern was generated
diameter were used. by a theta-2 theta diffractometer. The angled scan was

41080 26.

1.1.4. Electrochemical measurements

Potentiodynamic cyclic pitting scanning technique was2. Results and discussions

used to obtain pitting potential of metal matrix com- Electrochemical polarization data for the alloys and
posites mentioned in Table I. Cyclic potentiodynamiccomposites is shown in Table Il whekg is the pitting
polarization measurement technique has been appligabtential andA E is the difference between the steady
to determine the susceptibility of Al 6013-20SiC(P) to state Ecorr) and pitting potentiakE,. From this table it
pitting. A detailed standard procedure for carrying outcan be seen that the pitting potential of the monolithic
the above testis laid down in ASTM standard G61 [10].materials depends upon the alloy composition and
The specimen is anodically polarized starting from cor-is always more positive (less active and less pitting
rosion potential Eqorr) until the current density reaches prone) than that of the reinforced material [7, 8].
a predetermined value &x 103 A/cm?) when the  Of the composites materials, the pitting resistance
scanisreversed andthe alloy is polarized in the cathodifollows the order, Al 2024= Al 6013-20SiC(P) = Al
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TABLE Il Pitting data for alloys and composites

Materials Potential (mV) Av. pitting AE = Ep — Ecorr
designation mVvs S.C.E depthih)) mVvs S.C.E

Al 6013-20 SiC(P)-T4 —690 [Ref. 9] 10 443

Al 6013-20 SiC(P)-F —640 [Ref. 9] 47.33 360

Al 6013-20 SiC(P)-O —650 [Ref. 9] 27.66 350

Al 2024 —680 [Ref. 8] — 525

Al 5456 —690 [Ref. 8] — 411

Al 6061 —640 [Ref. 8] — 632

SiC/Al 2024 —640 [Ref. 8] — 259

SiC/Al 6061 —665 [Ref. 8] — 443

6013-20SiC(P)-6- Al6061> Al6013 20SiC(P)-T4&

Al 5456. These test results show that the pitting resis-
tance of these materials is dependent on three factors,
the alloy, the heat treatment and the presence of the
reinforcement (SiC).

The pitting data of alloys 6013, 2024, 6061 and
composites is given in Table Il. Pitting was the major
form of localized corrosion on all three tempers of alloy
6013-20SiC and other composites (Table II). Pits were
predominantly hemispherical and elliptical in shape
(Fig. 2). Crystallographic pitting was also observed.

Figure 2 Temper T4 of alloy 6013-20 SiC(P) exposed to 3.5 wt% NaCl at a velocity of 2 m/s a€1(0aL00). Dissolution of oxide and severe attack

at SiC/Al matrix is observed.

Figure 3 Pitting and intergranular attack observed on the surface of Al 6013-20 SiC(T4) after exposure in 3.5 wt% NaCl.
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Figure 4 EDS spectrum of temper T4 of alloy 6013-20 SiC(P).

Based onAE = Ep—Ecor, alloy 6013-20 SiC(P) in

of chimneys. EDS analysis of the outside surface of
the chimneys showed the presence of a soluble com-
plexes of the type AIGJ, Mg and silicon. The pitting
behaviour was strongly influenced by heat treatment.
Aging alloy 6013-20 SiC(P) at room temperature, af-
ter solution treatment at 526 for 30 minutes (T4)
provided higher corrosion resistance than annealing at
350°C for 3 hours and furnace cooling (O-temper),
[7] which indicates that microstructural changes pre-
dominantly influenced the nucleation and growth of
pits.

The microstructure of Al6013-20 SiC(P)-T4 showed
a more homogeneous distribution and lesser clustration
of SiC particles. An EDS analysis at 62 eV showed
predominantly the presence of Al (34.6%), Si (37.62%)
with small amounts of Cu (0.22%) and trace quantities
of Fe (Fig. 4).

An abundance of copper intermetallic mainly CuAl
and secondary phase particles of Mg, Fe and Cu was
observed at SiC/Al 6013 interface in temper T4. The
amount of copper at the interface between Aluminium
matrix and SiC particles was higher than in the matrix
(e.g. 0.64% vs 0.34%). The concentration of copper,

temper T4 shows the highest resistance to pitting. Irhowever, differed from one interface to another. Cop-
several instances pitting is associated with intergranulaper was present in a larger concentration (1.41%) at the
attack (Fig. 3). Intergranular attack is not expected inSiC/A16013 interface of temper O as shown by EDS
oxygenated chloride solution, unless pits or crevices aranalysis (Fig. 5). The presence of varying amounts of
presents. In view of the pits present on the surface o€opper has been observed in the pit cavities. Pit cavi-
Al 6013-20 SIiC, intergranular attack is to be expectedties in T4 temper contain 0.38% Cu with SiC particles.
The pits are hidden by the precipitation of a gelatinousHigher amount of copper (3.5 wt%), Fe (1.77%), Mg
film of AI(OH)3 which surrounds the pit in the form (1.71%) with some chloride (0.32%) has been detected

Figure 5 SEM micrograph of O temper of alloy 6013-20 SiC(P). The SiC/Al matrix interface shown by the cursor mark reveals the presence of copper

intermetallics.
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Figure 6 A location of SiC/Al matrix interface shows a high concentration of copper (3.5%), Fe (1.77%), Mg (1.71%) and some CI (0.32%).

20 9413 0S.
e e U

Figure 7 SEM photomicrograph of Al 6013-20 SiC-F showing pitting and carbide particles around theljp0Q).

by EDS studies on tempers exposed to 3.5 wt% NaCbf Al(OH)3 in the form of corrosion chimneys (Fig. 9).
at velocities varying frm 1 ms!to 3 ms? (Fig. 6). The formation of MgSi intermetallic at SiC/Al inter-
Pits initiated at the SiC/Al 6013 interface, which is alsoface causes depletion of Mg and intergranular attack,
the preferred site for distribution of intermetallic and which is observed in combination with pitting.
secondary phase particles. One pit at a magnification When the composite is cooled from elevated temper-
of 1500x is shown in Fig. 7. Corroded region at the ature processing misfits strains occur due to differential
interface shows the presence of larger amounts of coghermal contraction at SIC/A16013 interface [12] which
per compared to the surface away from the interface aare sufficient to generate dislocations. A TEM micro-
shown by a numerous observations [11]. The presencgraph shows generations of dislocations at the interface
of AICI3 in the oxide film has been indicated by EDS (Fig. 10) of T4 temper of the alloy. This contributes to
studies. The presence of this complex fosters the brealthe greater reactivity of SiC/Al 60133 interfaces. In
down of the hydroxide films of boehmite and bayrite the light of the extensive microanalytical experimental
(a-AlIOOH). Mudcracking (hydroxide breakdown) is work conducted, a strong evidence exists for the fol-
shown in Fig. 8. Pits are covered by a gelatinous filmlowing,
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Figure 9 Pitting accompanied by corrosion chimney formation is observed clearly in O temper of the alloy. The alloy was exposed to 3.5 wt% NaCl
at 100C at a velocity of 1 m/s. Analysis of external surface showed aluminum hydroxide with some chloride, magnesium and silicon (shown by
cursor mark).

1. AI6013/SiC interface shows an increased surfacegglomerates of SiC particles and matrix showed pres-
reactivity compared to wrought alloy. This is supportedence of magnesium and copper. Such sites would be
by initiation of pits predominantly at the SiC/A16013 subjected to crevice corrosion.
interface. 3. SiC particles do not provide preferred sites for pit

2. Al 6013/SiC interface is the preferred locationsinitiation. No evidence of corrosion was observed on
for the intermetallics, mainly of copper and others con-SiC particles.
taining Mg, Fe, and Cu as shown by EDS investigations 4. Because of misfit strains at Al/SiC surface due to
on the three tempers of the alloy. Higher concentrathermal contraction, dislocations are generated, which
tion of copper within the pits and the adjoining surfacemay make interface more reactive and a preferred site
are caused by copper plating at higher velocities whicHor localised corrosion.
is in agreement with the work of Mclntyre [13]. The 5. Chloride is absorbed in the oxide film as shown
presence of copper at the edge of SiC particles mapy the presence of AlGlby X-ray diffraction. The ad-
be attributed to precipitation of these particles duringsorption of chloride leads to the breakdown of the pro-
high temperature anneal. Narrow crevices between theective oxide film. The SiC/Al 6013 interface provides
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3. Summary and conclusions

Pitting studies on a variety of SiC reinforced and unre-
inforced aluminum alloys indicate the pitting resistance
of SiC reinforced composite materials is dependent
upon the alloy type and conditions of fabrication. Initi-
ation of pit at secondary phases on Al 6061 and Al 5456
has been shown in previous work [14]. Investigations
conducted on the tempers O, F and T4 of Al 6013 sug-
gest that SiC particles act as a nucleus for secondary
phase precipitation which results in a corresponding
increased distribution of secondary phase alloy pre-
cipitates. SiC/Al 6013 interfaces is the preferred site
for breakdown of protective film of-AIOOH and
a-Al(OH)3. Increased dislocation generation at the
SiC/Al 6013 interface contributes to increased surface
activity. The exact mechanism by which these parti-
cles lead to the initiation of a pit is a subject of further
investigation.
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