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The corrosion characteristics, in 3.5 wt% NaCI solution, of aluminium alloy composites 
containing a range of reinforcements have been investigated using potentiostatic 
measurements and simple immersion tests. Complementary microstructural studies carried out 
on corroded surfaces and sections through corroded material have identified a number of 
preferential corrosion sites; these include the fiber/matrix interface, especially where it contains 
chemical reaction products resulting from composite fabrication, as well as second 
phases and pores in the metal matrix. The effect on corrosion behaviour of the different 
reinforcements, with particular reference to their chemistry and geometry, is discussed, as is 
the influence of composite manufacturing route. 

1. I n t r o d u c t i o n  
The reinforcement of aluminium alloys with either 
ceramic fibres or particulates is being investigated as a 
means of improving their stiffness and strength. In 
parallel with these developments, investigations are 
being carried out on the effect that these reinforce- 
ments may have on other properties of aluminium 
alloys such as their corrosion resistance. Published 
literature on the corrosion of aluminium-based com- 
posites is, however, rather limited and data which are 
available tend to concentrate upon the effects pro- 
duced by carbon and silicon carbide reinforcements. 
The findings would suggest that the incorporation of 
reinforcements generally increases corrosion of the 
aluminium matrix, although the reasons for this are 
the subject of debate. For example, there is consensus 
that preferential attack occurs at the reinforcement/ 
matrix interface and, furthermore, that pores, matrix 
second phases and interfacial reaction products can all 
influence corrosion behaviour in significant ways. 
Thus the incorporation of carbon fibres into alumi- 
nium alloys is reported to have a detrimental effect 
upon corrosion because of galvanic interactions be- 
tween fibre and matrix [1, 2-1 and the occurrence of 
AIr 3 at the fibre/matrix interface [3-5]. Other data, 
however, indicate that SiC additions do not appear to 
affect substantially pitting attack on some aluminium 
alloys because, whilst pits were more numerous on 
the composite, they were smaller and shallower than 
those on unreinforced alloy [3, 6, 7]. Nevertheless, 
agreement exists that SiC reinforcements can affect 
corrosion in a less direct way by modifying the micro- 
structure of the matrix alloy when the MMC is being 
manufactured, firstly by altering the distribution of 
intermetallic phases [-6 9] (affecting galvanic corro- 
sion between intermetallic phases and matrix), and 
secondly, by introducing residual stresses into the 
material as a result of differential thermal contraction 
[10] between reinforcement and matrix. 

The present paper focuses upon the response of 
aluminium-based metal matrix composites (MMC) to 
a marine environment and sets out to identify, separ- 
ately where possible, the influence of ceramic rein- 
forcement, matrix chemistry and composite manufac- 
turing route on corrosion behaviour. 

2. Experimental procedure 
2.1. Materials 
The matrix metals used in the investigation were 
A1-7Si-015Mg casting alloy (designated 357) and 
A1-4Cu-I.5Mg wrought alloy (designated 2124). Sev- 
eral types of reinforcement were studied: (a) carbon 
(Courtaulds Ltd, UK), a PAN-based continuous 8 Ixm 
diameter fibre, (b) Nicalon (Nippon Carbon Ltd, 
Japan), a continuous 15 ~tm diameter fibre based upon 
SiC, (c) Saffil (ICI Ltd, UK), a short 3 ixm diameter 
fibre of ~-A120 3 and (d) particulate silicon carbide, 
,,~ 3 lain diameter. 

Fibre-reinforced composites were fabricated by 
liquid metal infiltration of a fibre preform, either as- 
sisted by applying inert gas at a low pressure of 

5 MPa, or by squeeze casting at the higher pressure 
of ~ 40 MPa. With carbon and Nicalon preforms 
infiltrated using the low-pressure method, a glass fibre 
weft was used to support the fibre. With the squeeze- 
cast material, carbon fibres were wound upon an 
aluminium former and the whole assembly positioned 
in the die prior to infiltration. The Saffil fibre was 
supplied in the form of a porous preform containing 
silica binder and was suitable for direct infiltration. 
The particulate-reinforced composite was made by a 
powder metallurgy route and supplied (BP Ltd, UK) 
as 3 mm thick sheet. Table I lists the composite sys- 
tems, their method of fabrication and their designa- 
tion; the letters L and H are used to identify carbon 
fibre-reinforced 357 composites made by low-pressure 
and high-pressure infiltration, respectively. 
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TABLE I Designation and details of materials used in the invest- 
igation 

Designation Reinforcement and arrangement Fabrication" 

357 Unreinforced alloy 

357-Saf Short alumina fibre (Saffil), LP 
planar random 

357-Nic Continuous SiC-based fibre LP 
(Nicalon), unidirectional 

357-C(L) Continuous carbon fibre, LP 
0~ ~ crossply 

357-C(H) Continuous carbon fibre, HP 
unidirectional 

2 1 2 4  Unreinforced alloy 

2124-C Continuous carbon fibre, HP 
unidirectional 

2124-SIC Particulate, random PM 

"LP, liquid metal infiltration using low gas pressure, ~ 5 MPa. 
HP, liquid metal infiltration using external pressure, ~ 40 MPa 
(squeeze casting). 
PM, powder metallurgy. 

Studies were carried out on all composites in the as- 
fabricated condition, on unreinforced 357 alloy in the 
cast condition and on 2124 alloy in the T851 condition 
(heat-treated and strained 2%). 

2.2. S p e c i m e n  p r epa ra t i on  
Metallographic preparation of corrosion test speci- 
mens was as follows. Specimens of composite and 
unreinforced material were cut .into ~ 10•  
x 5ram 3 pieces using an abrasive cutting wheel. 

Transverse sections (perpendicular to the fibre direc- 
tion) were prepared from unidirectionally reinforced 
material, 357-C(H), 357-Nic and 2124-C, whilst sec- 
tions of the cross-ply composite, 357-C(L), exposed 
fibres in the transverse and longitudinal directions 
simultaneously. Discontinuously reinforced materials, 
357-Saf and 2124-SIC, had randomly cut sections. All 
specimens were mounted in epoxy resin and polished 
using successively finer sizes of diamond to achieve a 
smooth surface. 

Microstructures of prepared surfaces were studied 
by scanning electron microscopy (SEM) and the 
chemical composition of microstructural features de- 
termined using the energy-dispersive spectrometer 
(EDS) fitted to the microscope. 

2.3. Corrosion tests 
Corrosion experiments were performed at 25 ~ in 
3.5 wt % NaC1 solution prepared from a mixture of 
reagent grade NaC1 and distilled water. The solution 
was deaerated by purging with nitrogen gas for 1 h 
prior to and during specimen immersion, except when 
carrying out the galvanic tests. 

2.3. 1. Double cycfic polarization tests 
The double cyclic polarization (DCP) test method, as 

used by Otani et al. [8, 9] and further developed by 
the present authors [11], was adopted because it 
provided a more clearly defined measurement of the 
pitting potential compared with a single cyclic polar- 
ization test. The sample was first positioned in a 
PTFE holder to expose a specimen area of 100 mm 2 
and the whole assembly immersed in the solution 
for ~ 10 min prior to polarization. A scan rate of 
20 mVmin -1 was used, this having been shown [11] 
to give results which were in close agreement with 
those produced using ASTM standard G5-78. At the 
start of the first cycle, a potential ~ 500 mV below the 
rest potential was applied to the specimen and this 
was increased until a maximum current density of 
5mAcro  -2 was attained. At the end of the forward 
scan the direction of the potential was reversed until 
the initial potential was reached. A second identical 
cyclic polarization was then performed immediately 
following the first. Three DCP tests were carried out 
on each material and mean values for the pitting and 
corrosion potentials were taken from the second cycle. 
The reproducibility between tests was found to 
be typically + 10 mV for the pitting potential and 
_ 50 mV for the corrosion potential. 

2.3.2. Galvanic tests 
Measurements were performed on couples consisting 
of unreinforced matrix metal and fibre, either of car- 
bon or Nicalon in the form of tows. Bare fibres were 
placed in the salt solution and connected to the metal 
via a zero-resistance ammeter. The galvanic current 
flowing between fibres and metal was then recorded 
over a 2 h period. 

2. 3. 3. S imple  immersion tests 
Samples were immersed in salt solution for periods up 
to 3 weeks. At the end of a test they were cleaned in 
10% HNO3 for ~ 10 rain, rinsed in distilled water 
and dried. The corroded surface microstructure was 
studied by optical microscopy and SEM, with EDS 
being used to establish the chemical composition of 
salient microstructural features. 

The gravimetric method of determining corrosion 
rates, that is by weighing samples before and after 
prescribed periods of immersion, presented problems 
because the extensive pits, which characterized the 
response of MMC to corrosion, tended to retain 
reaction products and give unrealistic measurements. 
It was, therefore, decided to estimate the extent of 
corrosive attack by carrying out SEM studies of cross- 
sections through corroded specimens and recording 
the maximum depth of corrosion. Samples subjected 
to 3 weeks immersion were used for this purpose. 

3. Results 
3.1. Double cyclic polarization tests 
Fig. t is a polarization curve from Saffil-reinforced 357 
alloy. It shows pitting potentials on both cycles (a and 
b, respectively), but a more clearly defined value on the 
second cycle. The corrosion potential on the second 
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Figure 1 D C P  curve for 357-Saf; p i t t ing potent ia l s  (a, b) and  corro-  

sion l~otentials (c, d) on  ( - - )  first and  ( - - - )  second cycles. 

cycle (point d) was much more negative than that on 
the first cycle (point c). The mean values for pitting 
potential and corrosion potential, as recorded on the 
second cycle, were - 761 and - 938 mV, respect- 
ivellr The form of the polarization curve was some- 
what different for the Nicalon-reinforced composite, 
357-Nic, Fig. 2. The pitting potential could not be 
distinguished at all on the first cycle because it was 
closely similar to the corrosion potential. Also, above 
E ..... the increase in current density with applied 
potential was more pronounced than that shown in 
Fig. 1. Mean values for pitting and corrosion poten- 
tials taken from the second cycle for 357-Nic were 
- 751 and - 969 mV, respectively. 

All the materials investigated could be placed in one 
or other of these two categories of behaviour, which 
we shall term type A (Fig. 1) and type B (Fig. 2). 
Unreinforced 357 alloy and 357-C(H) composite 
showed type A behaviour, whilst type B curves were 
obtained on 2124 alloy, 357-C(L), 2124-C and 2124- 
SiC composites, see Table II. Values of pitting poten- 
tial and corrosion potential for all materials are also 
given in Table II. The data indicate that composites 
based upon 357 alloy gave more negative pitting 
potentials than the unreinforced metal, which suggests 
that the reinforcements increase the susceptibility of 
357 alloy to pitting. In the 2124-based composites, 

T A B L E  I I  Po la r i za t ion  da ta  from D C P  tests 

Mate r ia l  Eplt (mV) Ecorr(mV ) Behaviour  type 

357 - 743 - 995 A 

357-Saf - 761 - 938 A/B 

357-Nic - 751 - 969 B 

357-C(L) - 752 - 919 B 

357-C(H) - 763 - 880 A 

2124 - 748 - 1047 B 

2124-C - 705 - 958 B 

2124-SIC - 726 - 1147 B 

pitting potentials appeared, however, to be more pos- 
itive than that recorded on unreinforced metal, a point 
to which we shall return in Section 4.4. 

3.2. Galvanic  tes t s  
Values of galvanic current measured between metal 
and fibre are reported in Table III. Couples involving 
carbon fibres produced the greatest galvanic current 
with the 357/carbon and 2124/carbon systems giving 
465 and 320 pA, respectively. The 357/Nicalon couple 
gave a current of 72 gA. 

3.3. Simple immersion tests 
3.3.1. 357 
During the first hour of immersion, signs of pitting 
were observed at second phases, Fig. 3; they were 
found using SEM/EDS to be iron-rich and identified 

T A B L E  I I I  Ga lvan ic  corros ion  rates for meta l / conduc t ive  fibre 
couples  

Meta l  Fibre  Cur ren t  (gA) 

357 ca rbon  465 

357 Nica lon  72 

2124 ca rbon  320 
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Figure 2 D C P  curve for 357-Nic. ( - - )  F i rs t  cycle, ( - - - )  second 
cycle. 
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Figure 3 Corros ion  at  i ron-r ich in termetal l ics  in uni 'einforced 357 
alloy; immers ion  for 1 h. 



as the intermetallics A18Si6Mg3Fe and Fe2SiA18 
After 1 day, corrosion was observed also at silicon 
particles contained within the eutectic structure. Fol- 
lowing 3 weeks immersion, the aluminium dendrites 
suffered general attack, sections through the specimen 
showed that corrosion had penetrated up to 

45 jam into the material, see Table IV. 

3.3.2. 357-Saf 
After immersion for 1 day, localized attack of matrix 
regions around particles of FeSiA15 was clearly visible~ 
More of these corrosion centres were present in the 
composite than in the unreinforced alloy. The extent 
of attackremained virtually unchanged for 3 days but 
after 3 weeks, pits had also developed in matrix re- 
gions surrounding fibres and silicon particles, Fig. 4a. 
Cross-sections through the corroded surface, Fig. 4b, 
showed the pits had a maximum depth of ~ 35 jam. 

3.3.3. 357-Nic 
Pitting during the first day of immersion again occur- 
red at the FeSiA15 intermetallics but also at the Ni- 
calon fibre/matrix interface, particularly in regions of 
incomplete infiltration around the glass weft. Follow- 
ing 3 weeks immersion, matrix regions became exten- 
sively corroded, Fig. 5, especially at the glass weft 
where the depth of attack reached ~ 350 jam. 

3.3.4. 357-C(L) 
During the first day of immersion, localized matrix 
corrosion occurred adjacent to FeSiA15 intermetallics 
and a plate-like phase of approximate composition 
FeCrSiA1. Attack was pronounced at the carbon fibre/ 
matrix interface, particularly where pores were present 
due to incomplete infiltration of the composite, and a 
few cracks were observed within the tows to follow the 
carbon fibre/matrix interface. The severity of attack 
progressively increased over the following few days 
until, after 3 weeks, the cracks within carbon fibre 
tows had opened up to form crevices ~ 30-40 jam 
wide. A region taken from a polished cross-section 
through the corroded sample is illustrated in Fig. 6 
The manner in which the fibres appear to have been 

TAB L E I V Maximum depth of corrosive attack after immersion 
for 3 weeks 

Material Depth of corrosion 
(~m) 

357 45 

357-Saf 35 

357-Nic 350 

357-C(L) 6000 

357-C(H) 3OO 

2124 35 

2124-C 50 

2124-SIC 40 

Figure 4 Corrosion of 357-Saf after 3 weeks immersion; (a) corro- 
ded surface, and (b) cross-section through corroded surface. 

Figure 5 Corrosion of 357-Nic following immersion for 3 weeks, 
showing attack on matrix surrounding Nicalon fibres (a) and glass 
binder (b). 

forced apart is evidence of the presence of stress, 
probably a combination of residual stress in the com- 
posite and that produced by the volume expansion 
accompanying the formation of corrosion products 
within the specimen. The depth of corrosion was 
generally < 25 jam, although some localized attack at 
the edge of carbon fibre tows was noted, in one case 
completely penetrating the ~ 6 mm thick specimen. 

3.3.5. 357-C(H) 
Corrosion was slight after the first day of immersion, 
with a few pits situated mostly at particles of silicon 
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Figure 6 Internal cracking in corroded 357-C(L); immersion for 
3 weeks. 

Figure 8 Detachment of second phases from the surface of 2124 
alloy after 3 weeks immersion. 

Figure 7 Corrosion around fibres and second phases in 357-C(H) 
after 3 weeks immersion. 

and FeSiA15. After 3 days, corrosion at the second 
phases was more severe and, after 3 weeks immersion, 
much of the matrix had suffered corrosion, Fig. 7. 
Cross-sections through the material showed the depth 
of attack to be ~ 95/am over most of the surface, with 
a few localized sites where corrosion extended to 

300 gm. 

Figure 9 Corrosion of 2124-C (matrix-rich region); immersion for 
3 days showing attack adjacent to (CuFeMn) A16 (a), but no attack 
associated with CuMgA12 (b). 

3.3.6. 2124 
During the first day of immersion many corrosion 
sites had formed, significantly more than were ob- 
served on unreinforced 357 alloy. Examination of a 
specimen after immersion for 3 days showed sub- 
stantial attack of the matrix surrounding an iron-rich 
phase identified as (CuFeMn)A16, but little at the 
phase, A12CuMg. After 3 weeks, corrosion around 
both types of second phases had increased so much 
that they became detached from the surface, Fig. 8; the 
"corrosion grooves" are evidence of the strong texture 
possessed by the metal due to cold work. The max- 
imum pit depth recorded from cross-sections through 
the corroded surface was 35/am. 

3.3.7. 2124-C 
During the first day of immersion, preferential attack 
was noted at fibre/matrix interfaces and (CuFeMn)A16, 
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Figure 10 Corrosion of 2124-C; immersion for 3 weeks. 

Fig. 9, but as with unreinforced metal, the matrix 
regions surrounding the A12CuMg phase suffered little 
corrosion. After 3 days, attack around the intermetal- 
lics had increased as had the number of pits developed 
at fibre/matrix interfaces; a deposit was found around 
some of the fibres and shown by EDS to contain 
copper. Following corrosion for 1 week, the inter- 
metallic phases became detached from the matrix and, 



Figure l l  Pits developed in 2124-SIC after 3 weeks corrosion. 

after 3 weeks immersion, most of the matrix exhibited 
corrosion, Fig. 10. At this stage, sufficient deposit had 
formed in some regions to allow it to be identified as 
essentially copper. The depth of corrosion extended to 

50 ~tm. 

3.3.8. 2124-SIC 
After immersion for 1 day, small corrosion pits were 
observed at particles of (CuFeMn)A16 and CuA12. Pits 
were present close to the silicon carbide particulates 
although closer inspection revealed that these were 
also associated with intermetallics. The pits grew pro- 
gressively in size until, after 3 weeks immersion, they 
covered most of the surface, Fig. 11, with a depth of up 
to ,-~ 40 ~tm. 

4. Discussion 
4.1. General corrosion characteristics 
It was found that two types of polarization curve, here 
designated A and B, were obtained from double cyclic 
polarization (DCP) tests carried out in salt water, and 
that polarization data obtained on all the materials 
investigated in the present programme could be pla- 
ced in either one of these categories. Materials with 
type A characteristics exhibited pitting potentials on 
both cycles, behaviour which is consistent with "classi- 
cal" cyclic polarization whereby the sample becomes 
passivated at the start of the test and localized corro- 
sion does not begin until the pitting potential is 
reached. However, in the present work, the pitting 
potential is somewhat less well defined on the first 
cycle, which suggests that the sample had not become 
completely passivated at the start of the test and that a 
few corrosion sites remained active. With type B 
materials the pitting potential was not visible on the 
first cycle, the rapid increase in current density norm- 
ally associated with the onset of pitting occurring at 
the corrosion potential. Thus Epl t was defined on the 
second cycle only. This behaviour suggests that, des- 
pite specimen polarization to cathodic potentials at 
the start of the test, pits which formed prior to polar- 
ization remained active until the latter part of the first 
cycle. Thereafter, pits were deactivated under the ap- 
plied cathodic potential such that the second cycle 

followed "classical" cyclic polarization behaviour 
[11]. Thus while pits grew on all materials, they were 
more easily de-activated on those which exhibited 
type A characteristics, from which it follows that such 
materials were subject to less severe corrosion. 

Unreinforced 357 alloy (A1-7Si-0.hMg) provided a 
good example of type A behaviour, those pits that 
were developed being localized at second phases in the 
material such as iron-rich intermetallic particles. On 
the other hand, unreinforced 2124 alloy (A1-4Cu- 
1.5 Mg) showed type B characteristics and here there 
were many more second phases present, such as 
copper-rich intermetallics of the type AlzCuMg, 
which could act as sites for corrosion attack. The DCP 
data demonstrated that the different reinforcements 
affected the corrosion behaviour of these two alumi- 
nium alloys in different ways, as the following discus- 
sion shows. 

4.2. Effect of reinforcement 
DCP results show that the addition of Nicalon fibres 
to 357 alloy resulted in the corrosion characteristics 
being changed from type A to type B behaviour. This 
is in accord with the marked increase in the depth of 
corrosion pits, from a maximum value of 45 ~tm in 
unreinforced alloy to values greater than 300 gm in 
the composite. The two 357-based composites con- 
taining carbon fibres showed, however, contrasting 
behaviour. That manufactured by low-pressure metal 
infiltration, 357-C(L), exhibited type B behaviour, 
whereas that produced using high-pressure infiltra- 
tion, 357-C(H), showed type A characteristics. With 
Saffil-reinforced 357 alloy, type A characteristics were 
generally exhibited, possibly as a consequence of the 
inert nature of the alumina-based Saffil fibre, Corro- 
sion effects which may be attributed directly to the 
method of composite fabrication are discussed in Sec- 
tion 4.4. 

With composites based upon 2124 alloy, the effects 
of adding reinforcements of carbon or silicon carbide 
were not so obvious from the form of the DCP curves 
because all three materials exhibited type B behaviour. 
Moreover the maximum depth of corrosion pits on 
these materials did not differ significantly from each 
other. 

Studies of composites immersed for prescribed 
periods clearly showed localized corrosion taking 
place at the reinforcement/matrix interface, the degree 
of reaction being a function of the fibre/matrix combi- 
nation. It is probable that the interface provided a 
preferential site because of the likely discontinuity in 
the surface oxide film due to the changed substrate 
structure. Such a discontinuity would facilitate the 
passage of chloride ions to the metal which, once 
contacted by ions, would suffer localized corrosion. 
Thereafter electrochemical and microstructural fac- 
tors would come into play. 

The electrochemical factor contributing to interface 
corrosion involves the development of a galvanic cur- 
rent between a conductive fibre and a metal matrix. 
Thus the galvanic current o f  465 gA recorded on the 
357/carbon couple indicates a greater corrosion rate 
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than that for the 357/Nicalon couple with its galvanic 
current of 72 gA (Table III). These data correlate with 
the maximum pit depths of 6.0 and 0.35 mm, measured 
in the respective composites (Table IV). For the 
2124/carbon couple, however, a galvanic current of 
320 gA was recorded, although the pit depth in the 
corresponding MMC was only 0.05 mm. Thus al- 
though galvanic currents and pits depths are measures 
of corrosion activity in the composite, it would appear 
that other factors have influenced corrosion at the 
fibre/matrix interf~/ce, such as the presence of an addi- 
tional phase. 

Indeed, there is much detailed microstructural evid- 
ence showing that second phases caused by chemical 
reaction between fibre and matrix may be present at 
the interface. For example, interracial aluminium 
carbide is a common occurrence in carbon fibre-rein- 
forced 357 alloy manufactured by the low-pressure 
infiltration process [12]. Also, aluminium carbide has 
been found in Nicalon-reinforced MMC made by the 
same low-pressure route [13], although rather less 
was present in this case. These composites were the 
same two materials, 357-C(L) and 357-Nic, as used in 
the present corrosion studies. The other two continu- 
ous fibre-reinforced composite materials investigated 
here, 357-C(H) and 2124-C, were also found, by TEM 
examination, to contain interfacial aluminium car- 
bide. Fig. 12 shows the growth of an aluminium car- 
bide crystal from the fibre surface into the metal 

matrix for a distance of more than 200 nm. Quantitat- 
ive estimates of the amount of carbide present in the 
four composites were difficult to achieve but it was 
possible to place them in order of increasing carbide 
content: 2124-C, 357-C(H), 357-Nic and 357-C(L). 
Now it is well known that aluminium carbide readily 
hydrolyses upon immersion in water and, consequen- 
tly, the amount of carbide present in a composite 
would be a contributory factor to the extent of corro- 
sive attack. Accordingly, the depth of corrosion pit in 
the four materials followed the same trend as the 
aluminium carbide content, i.e. 50, 300, 350 and 
6000 lam, respectively. It is also apparent that not only 
fibre type (carbon or Nicalon) influences aluminium 
carbide formation, but also the method of fabricating 
the composite, a factor to be considered further in 
Section 4.4. 

Finally, the geometrical arrangement of the re- 
inforcement appeared to influence corrosion. In the 
case of MMC reinforced with continuous fibres, 
corrosion was generally channelled along the fibres to 
form corrosion pits deep within the material; this was 
particularly marked in regions where fibres were 
closely packed together and porosity was present. In 
MMC reinforced with short Saffil fibre and particulate 
silicon carbide, pit depths were similar to those in the 
respective unreinforced alloys, indicating that the geo- 
metrical arrangement of these reinforcements had 
little influence on the propagation of corrosion pits. 

Figure 12 Aluminium carbide at fibre/matrix interface in 2124-C 
material. 
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4.3. Effect of matrix chemistry 
Alloying elements, such as silicon in 357 alloy and 
copper in 2124 alloy, had a pronounced effect upon 
the corrosion characteristics of the composites. 
This was partly due to solid solution effects but 
mainly because of the matrix second phases which 
were formed, either from the alloying additions or 
from adventitious impurities picked up during com- 
posite fabrication. These phases had a more electro- 
positive (cathodic) potential than the matrix and, con- 
sequently, corrosion of the surrounding matrix was 
promoted by galvanic action. The process would be 
further encouraged by a less protective surface oxide 
at the second phases [14] which would then lead to 
film breakdown, exposure of the substrate, and the 
commencement of corrosion. 

The eutectic phase in 357 alloy consisted essentially 
of pure silicon surrounded by pure aluminium, the 
galvanic Current between these two constituents lead- 
ing to corrosion at the aluminium/silicon interface 
whether or not reinforcements were present. A more 
aggressive reaction occurred at intermetallic particles, 
particularly those containing iron, such as FeSiA15, a 
contaminant introduced during manufacture of the 
composite. This was evinced in 357-based composites 
fabricated by  low-pressure infiltration and was 
especially marked in 357-Saf, where severe matrix 
corrosion adjacent to the intermetallic phase occurred 
several days earlier than regions next to the relatively 
inert fibres. 

The deleterious nature of iron-containing inter- 
metallics was evinced also in 2124-C composites, 



where significant corrosion of the matrix surrounding 
the phase (CuFeMn)A16 occurred after 1 day immer- 
sion, whereas the normal equilibrium phase, 
A12CuMg, remained relatively inactive even after 
3 days; see Fig. 3. In the case of the particulate- 
reinforced composite, 2124-SIC, the matrix surround- 
ing the iron-containing phase, (CuFeMn)A16, was 
again severely attacked, as was that surrounding the 
CuA1 z phase. (The absence of magnesium in second 
phases in 2124-SIC could be due to magnesium lea- 
ching during hot rolling). 

The deposition of copper around some fibres in 
2124-C composite after 3 days immersion agrees with 
the findings of Summerson and Sprowls [15] who 
noted that copper ions could be plated out on an 
aluminium surface to create small galvanic cells and 
intensify pitting: This could explain why the 2124-C 
composite did not exhibit extensive attack in fibre 
regions until later stages of immersion. 

4.4. Effect of fabrication 
The method of manufacturing a composite affects its 
microstructule in a number of ways. For example, the 
temperature and time involved in the process would 
affect the extent of chemical reaction between fibre 
and matrix and also the form and distribution of 
matrix second phases, whilst the pressure applied 
would influence porosity. Thus the carbon fibre- 
reinforced 357 alloy made by high pressure infiltration 
contained less interfacial aluminium carbide than that 
made by low-pressure infiltration because it was held 
at high temperature for 2 min compared with 15 min. 
This explains why 357-C(H) showed smaller pit depths 
(300 ~m maximum) and less active (type A) DCP 
behaviour compared with the deep pits (up to 
6000/am) and more active DCP characteristics (type 
B) of 357-C(L) material. It is also evident that porosity 
has contributed to the development of corrosion pits 
in the composite. For example, 357-C(H) contained 
less porosity than 357-C(L) due to the higher pressure 
used in its fabrication, ~ 40 MPa compared with 

5 MPa and suffered less severe corrosion attack. It 
should be remarked that porosity in 357-C(L) was due 
partly to the glass binder which restrained the carbon 
fibres during infiltration and restricted the penetration 
of liquid metal. Thus it is our contention that porosity 
as well as the presence of aluminium carbide at the 
fibre/matrix interface have acted as wicks for the 
corrosion solution to penetrate deeply within the com- 
posite within a relatively short period of time. 

DCP data on 357-based materials showed that the 
composites, all of which were made by a casting route, 
had more negative pitting potentials (ranging from 
-751  to -763  mV) than the unreinforced alloy 

( -  743 mV) although, in view of the experimental 
error, it is difficult to discriminate between the values 
obtained on the composites. It may be concluded, 
therefore, that because all composites had similar 
pitting potentials, the type of reinforcement - conduc- 
tive carbon, semi-conductive Nicalon or non-conduc- 
tive Saffil - was not the most significant factor. Indeed, 
a common feature of the composites was the initiation 

of corrosion pits at iron-containing intermetallics, 
which would account for their similar pitting poten- 
tials. It therefore follows that because the iron was 
introduced during manufacture of the composite, the 
processing route has been the major factor which 
has influenced the pitting potential of this group of 
materials. 

However, whilst the reinforcement does not appear 
to affect directly the initial corrosion behaviour when 
pits start to develop, it does affect the subsequent 
course of corrosion as other microstruetural features 
come into play. For example, the interfacial alumi- 
nium carbide, a consequence of the particular fibre/ 
matrix combination, can become the dominant influ- 
ence on corrosion and eventually lead to the extensive 
penetration seen in carbon fibre-reinforced materials 
such as 357-C(L). 

In contrast, each of the 2124-based materials was 
fabricated by a different process; the unreinforced 
alloy was studied in the T851 heat-treated condition, 
the 2124-C composite was in the cast condition and 
the 2124-SIC composite had been fabricated by a 
powder metallurgy route. Consequently, it was not 
surprising to observe more variability in the values of 
Epi t recorded on 2124-based composites than those 
measured on 357-based composites, because the latter 
group of materials had been produced by a casting 
route. The fact that unreinforced 2124 alloy had a 
more active potential ( -  748 mV) than either the 
2124-SIC ( - 7 2 6  mV) or 2124-C ( - 7 0 5  mV) com- 
posites accords with the data of Galvele et al. [16] 
who reported that heat treatment of A1-Cu alloys 
caused the pitting potential to move to more negative 
values. 

5. Conclusion 
Salt-water corrosion of the composites was concen- 
trated at interfaces associated with matrix second 
phases, such as iron-rich intermetalfics, and alumi- 
nium carbide; imperfections in the surface oxide at 
interface regions were believed to initiate corrosion at 
these sites. Once corrosion was initiated, galvanic 
effects came into play. The method of fabricating the 
composite influenced the distribution and the extent of 
these second phases, the iron-rich intermetallics res- 
ulting from impurities introduced during manufacture 
and the aluminium carbide from chemical 
reaction between fibre and matrix during ihe high- 
temperature processing stage. Reinforcement geo- 
metry influenced the propagation of corrosion pits, 
continuous fibres tending to channel corrosion deep 
within the MMC compared with short fibres and 
particulates which had little effect. Porosity in the 
composite, which was accentuated by the use of a glass 
fibre binder, intensified localized corrosive attack deep 
within the composite. 

These observations stress the importance of taking 
into account the total composite system, that is the 
method of fabricating the composite as well as the 
fibre/matrix combination, when considering MMC 
corrosion behaviour. 
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