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Corrosion study of AI203 dispersion 
strengthened Cu metal matrix composites 
in NaCI solutions 
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The corrosion behaviour of alumina dispersion strengthened (DS) copper in 3.5% NaCI 
solution was studied and compared to the behaviour of pure copper using electrochemical 
techniques, scanning electron microscopy (SEM), X-ray diffraction, and inductively coupled 
argon plasma atomic emission spectroscopy (ICP-AES). The corrosion surface products were 
identified as predominantly copper chloride. It was found that DS copper has similar corrosion 
characteristics to pure Cu under aerated, open to air and deaerated conditions. The effects of 
alumina particles and the presence of oxygen in the solutions on the behaviour of the DS Cu 
were examined. The corrosion mechanism involved is discussed in terms of the roles of the 
surface CuCI film formation and dissolution during the corrosion process. 

1. I n t r o d u c t i o n  
Metal matrix composites (MMCs) basically consist of 
a reinforcement incorporated into a metallic matrix. 
By adding elemental, metallic or ceramic reinforce- 
ments in various forms, including whiskers, partic- 
ulates and fibres, to a metal matrix, a composite 
material is created that may possess superior prope r - 
ties over the monolithic material. In fact, the most 
important reason to develop MMCs is that they can 
be tailored to meet the critical performance require- 
ments for advanced engineering applications. These 
requirements include high strength and stiffness, low 
densities and low coefficients of thermal expansion. 
Although the incorporation of the second phase into a 
matrix material can enhance the physical and mechan- 
ical properties of that material, it could also signific- 
antly change the corrosion behaviour [1, 2]. Com- 
posites, by their nature, combine materials having 
considerably different corrosion properties. With re- 
gard to corrosion resistance, the dual natures of metal 
matrix composites make them susceptible to three 
adverse processes [3]: galvanic coupling of the metal 
and reinforcement; crevice attack at the metal/rein- 
forcement interface; and preferred localized attack at 
Structural and compositional inhomogeneities within 
the metal matrix. 

There is increasing interest in the utilization of Cu 
metal matrix composite materials for marine appli- 
cations. In a report to Naval Sea Systems Command, 
Aylor [4] indicated that of the following materials 
A1203/Cu , TiC/Cu, Si3N4/Cu, SiC/Cu, B4/Cu 
and Gr/Cu, dispersion-strengthened (DS) copper 
(AIzO3/Cu) was the most promising material for high- 
strength marine applications. In addition, the 
material's sea water corrosion behaviour in low flow 
conditions was similar to that of pure copper, while 

the mechanical properties and modulus were signific- 
antly increased over pure copper. Unfortunately, very 
limited corrosion studies of Cu metal matrix com- 
posites in chloride environments have been performed 
to date. The objective of this research is to study the 
corrosion behaviour of DS copper (AlzO3/Cu) in 
NaC1 solution, focusing on the effects of alumina 
particles on the corrosion potential, corrosion mor- 
phology and corrosion susceptibility of the DS 
copper, as well as the mechanism involved in the 
corrosion process. The corrosion behaviour of the 
monolithic Cu material in NaCI solution was used 
for comparison. 

2. Mater ia l s  
The materials used in this work consisted of standard 
ETP copper (99.9 % Cu) from Farmer's Copper and 
DS copper from SCM Metal Products, Inc. DS Cu is 
produced from a blend of pure copper and aluminium 
powders. The finely distributed (2.7 vol %) A120 3 par- 
ticles were achieved by an internal oxidization pro- 
cess. The samples were machined into circular 
coupons which were 1.6 cm diameter and 0.32cm 
thick. Each sample was successively ground using 240, 
320, 400 and 600 grit SiC papers followed by alumina 
powder. Distilled water was used as the lubricant and 
coolant. After the final polishing procedure, the sam- 
ples were rinsed in distilled water and then air dried. 
Fig. 1 shows scanning electron micrographs of the Cu 
and DS Cu sample surfaces after polishing. Dilute 
nitric acid solution was used to etch the polished DS 
Cu sample surface to reveal the particles. Energy 
Dispersive Spectroscopy (EDS) revealed that the par- 
ticles shown in Fig. 2 contained A1. The EDS spectrum 
of particles in Fig. 2 is shown in Fig. 3. While the 
average particle size of alumina in DS Cu is 3-12 nm, 
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Figure 1 Scanning electron micrographs of (a) pure Cu and (b) DS 
Cu after polishing. • 100. 

Figure 2 Scanning electron micrograph of DS Cu polished and 
etched using HNO 3 solution. • 10000. 

the finest particle size in Fig. 2 is about 100 nm. 
Smaller particles cannot be resolved in Fig. 2. 

3. Experimental procedure 
All electrochemical tests were carried out using the 
E G & G  PAR Potentiostat /Galvanostat  Model 273 
corrosion measurement system controlled by an IBM 
Personal System/2 computer and using a standard five 
mouth flask, a flat specimen holder which exposed a 
surface area of 1.0 cm 1, a saturated calomel reference 
electrode and two graphite counterelectrodes. Imme- 
diately before testing, each specimen was cleaned in 
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Figure 3 EDS of particles shown in Fig. 2. 

distilled water and then air dried. The test solutions 
were prepared before each test using reagent grade 
NaC1 and distilled water. Both pure Cu and DS Cu 
samples were tested in 3.5 % NaC1 solution under 
aerated, deaerated and open to air conditions. Before 
each aerated or deaerated test, oxygen or nitrogen was 
pumped into the solution for 1 h for aerated and 
deaerated conditions, respectively. The amount  of re- 
sidual oxygen that existed in the deaerated solution 
was approximately 1.4 p.p.m., as measured by a dis- 
solved oxygen meter. E .... vs time was measured for 
up to 22 h. It was found that between 2 and 5 h were 
required for samples to reach steady state Ecor, values 
in the solution. Therefore, the samples were immersed 
in the solution for 5 h before beginning the tests. At 
the end of E .... vs time tests, samples were sub- 
sequently examined using SEM. 

In the potentiodynamic tests, scanning ranges were 
set from E .... or - 250 mV below E . . . .  to + 800 mV 
and + 250 mV above E .... or E .... to - 1500 mV for 
anodic and cathodic polarization, respectively. Tests 
were run at scan rates of 0.1 and 1 mV s-  2. The results 
that are being reported were done at 1 mV s - t .  

In subsequent experiments, potentiostatic tests were 
performed to determine the current vs time behavior 
of DS Cu in deaerated and aerated solutions at ap- 
plied potentials of - 200, - 80, 0, 200 and 600 mV. 

SEM studies were performed both before and after 
electrochemical testing for Cu and DS Cu samples. 
X-ray diffraction and ICP-AES techniques were used 
to study the corrosion products .  

4. Results and discussions 
4.1. Ecorr v s  time tests 
Scanning electron micrographs that were obtained 
after E .... vs time (6 h) experiments are shown in 
Fig. 4a-d.  All cases seem to indicate the presence of a 
surface film which appears to be evenly distributed 
over the surface, except in the case of DS Cu under 
aerated conditions. In this case, the film only partially 
covers the surface. 

4.2. Potentiodynamic studies 
4.2. 1. Anodic polarization tests 
The polarization curves showed certain similarities for 



Figure 4 Scanning electron micrographs taken after E .... vs time for 6 h for: (a) pure Cu under aerated conditions, x 200; (b) pure Cu under 
deaerated conditions, x 200; (c) DS Cu under aerated conditions, x 200; (d) DS Cu under deaerated conditions, x 200. 

Cu and DS Cu under all test conditions. Typical 
anodic polarization curves are shown in Fig. 5. In the 
potential range examined, there are four distinct re- 
gions: the apparent  Tafel region (I); the peak current 
region (II); the current minimum region (III); and the 
higher potential region (IV). This is similar to results 
observed by Lee and Nobe [5]. These four regions 
appeared in the tests started from Ecorr to about 
+ 800 mV and - 250 mV below E .... to + 800 mV. 

Under the aerated condition, a secondary peak cur- 
rent appeared in region IV, as seen in Fig 5a. and c. 

A model to explain the anodic polarization charac- 
teristics of the DS Cu and Cu is proposed based on the 
transport-reaction mechanism of the Cl- .  Considering 
the anodic reaction in chloride media [63, 

Cu + C1- = C u C l + e -  (1) 

CuC1 + C1- = CuCly (2) 

the corrosion process involves at least three steps: 
(a) transport  of chloride ions to the DS Cu (or 
Cu)/NaC1 solution interface; (b) Reactions 1 and 2 at 
the interface; and (c) transport  of the corrosion prod- 
ucts away from the interface or deposition of the 
products on the DS Cu or Cu surface. Each of these 
steps proceeds at a certain rate. At lower potentials 
(region I), the rate of formation of CuC1 is slow 
compared to the rate of C1- transport  to the interface 
and the rate of CuC1 dissolution (Equation 2). There- 
fore, the corrosion process will be limited by the 
reaction rate in Equation 1 and the product CuC1 will 

be dissolved during the corrosion process. As the 
potential increases, the potential dependent rate of 
formation of CuC1 will increase. When the CuC1 
formation rate is higher than its dissolution rate in 
Reaction 2, excess CuC1 will begin to build up on the 
surface of the DS Cu or Cu samples, which will retard 
the transport  of Cl -  to the interface. At the peak 
current, the transport of C1- becomes rate limiting 
(region II). The increasing difficulty, as the CuC1 film 
thickens, for C1- to reach the DS Cu or Cu metal 
surface makes the rate of CuC1 formation decrease, 
while its dissolution occurs at a rate that is independ- 
ent of CuC1 film thickness. Thus, there is a current 
minimum region (III). As the potential increases fur- 
ther, a stable, steady balance between the rates of 
CuC1 formation and dissolution is reached. 
The film thickness, the dissolution and formation rates 
and the current in this region (region IV) are then 
constant and d o  not vary with time. 

By carefully examining the polarization curves for 
both DS Cu and pure Cu, it is found that the average 
start potential of region IV is higher for DS Cu than 
that for pure Cu, as listed in Table I. This can be 
understood from the model discussed above. The start 
potential of region IV corresponds to initiation of the 
balance between the rates of CuC1 formation and  
dissolution. Compared to pure Cu, as shown in 
Figs 6-8, the corrosion surfaces of DS Cu samples are 
rougher, due to the dispersed fine alumina particles. 
The alumina particles on the corroded sample surface 
make it difficult to cover the surface with CuCI film. In 
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Figure 5 (a) A typical anodic polarization curve of Cu under aerated conditions. (b) A typical anodic polarization curve of Cu under deaerated 
conditions. (c) A typical anodic polarization curve of DS Cu aerated conditions. (d) A typical anodic polarization curve of DS Cu under 
deaerated conditions. 

Figure 6 Scanning electron micrographs of (a) pure Cu and (b) DS Cu after anodic polarization under open to air conditions, x 100. 

other words, a thicker film is required to cover the 
surface to the extent of the smooth pure surface, which 
means a higher potential is required for the DS Cu to 
reach region IV. 

T A B L E  l The start potentials of region IV (mV vs SCE) 

DS Cu Cu 

Deaerated 170 160 
Aerated 212 210 

5 4 3 8  

Table I also indicates that the start potentials of 
region IV for both Cu and DS Cu are higher in aerated 
chloride solutions than in deaerated chloride solu- 
tions. In chloride media containing dissolved oxygen, 
the electroreduction of the oxygen shifts the equilib- 
rium of the Cu/CuCl~- reaction (combination of Equa- 
tions 1 and 2): 

Cu + 2C1- = CuCI~- + e-  (3) 

at the copper-solution interface so that a much higher 
interracial concentration of CuCI~- is obtained than in 



Figure 7 Scanning electron micrographs of (a) pure Cu and (b) DS Cu after anodic polarization under aerated conditions, x 100. 

Figure 8 Scanning electron micrographs of (a) pure Cu and (b) DS Cu after anodic polarization under deaerated conditions, x 100. 
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Figure 9 A typical cathodic polarization curve of (a) Cu and (b) DS Cu under deaerated conditions, 

the absence of oxygen. This then leads to the increased 
dissolution rate of CuC1 (Equation 2) and thus higher 
start potentials are required for the balance between 
the formation and dissolution of the CuC1. 

4.2,2.  Ca thod i c  polar izat ion  tes t s  
Typical cathodic polarization curves of Cu and DS Cu 
under deaerated condition are shown in Fig. 9. Two 
cathodic peaks were observed. The second peak ira- 

mediately follows the first cathodic peak. ,Bjorndahl 
and Nobe [6] suggested that the cathodic peaks were 
caused by CuCI reduction (Equation 2) and the oxy- 
gen reduction reaction 

Oa + H20  + 4e-  = 4 O H -  (4) 

4.3. Po t en t io s t a t i c  s tud ies  
In order to gain more insight into the corrosion 
process, potentiostatic tests were performed at several 
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Figure lO Potentiostatic curves of DS Cu under aerated conditions 
at applied potentials of (a) - 200 rnV, (b) - 80 mY, (c) 0 mV, 
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Figure]l Potentiostatic curves of DS Cu under deaerated 
conditions at applied potentials of (a) - 2 0 0  mV, (b) - 8 0  mV, 
(c) 0 mY, (d) 200 mY and re) 600 mV. 

applied potentials for 30 rain after a 2 h delay. While 
tests were conducted for both aerated and deaerated 
conditions, the most definitive results were obtained 
under aerated conditions. Fig. 10 shows the poten- 
fiostatic curves under aerated conditions. For 
a - 200 mV applied potential, which is in the Tafel 
region (I), the current density oscillates between 0 and 
1000 gA cm -2. For - 80, 0, 200 and 600 mV applied 
potentials, the current density decreased to a value 
that was dependent on the applied potential and then 
levelled off. Under deaerated conditions, as shown in 
Fig. 11, the current density oscillated between 0 and 
1000 gAcm -2 for - 2 0 0  and - 8 0 m V  applied po- 
tentials. The current density decreased first and then 
levelled off for 0 and 200 mV applied potentials. For  a 
600 mV applied potential, which is in the plateau 
current region (IV), current oscillations occurred and 
the oscillating amplitude changed with time. Because 
the balance between film formation and dissolution is 
dynamic, there is an instability in the corrosion pro- 
cess. It is believed that this oscillation is due to the 
instability of the surface film [7]. 

The corrosion surfaces that were obtained after the 
potentiostatic tests under aerated conditions were 
examined using SEM. Fig. 12 shows the SEM micro- 
photographs of the corrosion surfaces under aerated 
conditions and it is clear that the corrosion process 
can be followed by observing these microphotographs. 
At an applied potential of - 2 0 0  mV, the surface 
appears to be partially covered by a surface film. The 
coverage increases at a potential of - 80 mV (around 
the peak current density) and at an applied potential 
of 0 mV (around the minimum current) the film seems 
to completely cover the surface. At an applied poten- 
tial of 200 mV, coarsening of the surface film is ob- 
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served and at an applied potential of 600 mV, part of 
the outer film seems to have been removed. In fact, 
Fig. 12 shows remnants of the film morphologies that 
existed at applied potentials of 0 and 200 inV. This 
could be indicative of the fact that at the higher 
potentials, some of the surface film had fallen off. 
Therefore, the outer surface may have been in the 
process of reforming over the entire surface and may 
have required more time. In fact, in one sample which 
was subjected to an applied potential of 600 mV vs 
SCE under deaerated conditions for 18 h, the sample 
surface was covered by a thick film. The insoluble 
corrosion products on that surface were identified by 
X-ray diffraction right after the test and were deter- 
mined to be primarily copper chloride (CuC1). Fig. 13 
shows the X-ray diffraction spectrum of that product. 
It should be mentioned that massive amounts of 
residue were observed in the solutions following po- 
tentiostatic testing at 600 inV. They were identified by 
ICP-AES as Cu and chloride. All these results are 
consistent with the electrochemical test results. 

4.4. The Tafel constant, polarization 
resistance, corrosion rate 
and Ecorr values 

The anodic and cathodic Tafel constants, polarization 
resistance values, corrosion rates and E .... values for 
all test conditions were obtained from the polarization 
tests and are listed in Table I[. 

The experimental observations are the following. 

1. The polarization resistance values for pure Cu 
are lower than those for DS Cu under all conditions. 



Figure 12 Scanning electron micrographs of DS Cu after 
potentiostatic tests for 30 rain under aerated conditions at applied 
potentials of (a) - 200 mV, (b) - 80 mV, (c) 0 mV, (d) 200 mV 
and (e) 600 inV. x 200. 

2. The E .... values are more active as the amount  of 
oxygen decreases and they are slightly more  active for 
DS Cu than for pure Cu. 

3. The corrosion rate in aerated conditions is 
higher than that in deaerated conditions. 

4. The polarization resistance in aerated conditions 
is lower than that in deaerated conditions. 

The results concerning the effect of oxygen on the 
corrosion behaviour  of Cu are consistent with pre- 
vious investigations (e.g. Bjorndahl  and Nobe  [6]). 

14000. 
CuCI 

ICuCI 
I iCuC I 

H H CUCIH II I; CuC~ 

10 20 30 40 50 60 70 

Figurel3 X-ray diffractionspectrum ofthecorrosionsur~cefilm. 

They measured the ro ta t ion  disc rate, 01, in aerated 
and deaerated conditions and determined the polar- 
ization resistance, Rp, using Rp ~ 1/o11/2. Their results 
indicates that the corrosion rate of copper  in aerated 
chloride solution is higher than that in deaerated 
solution. This can be explained using the discussion in 
the last paragraph in section 4.2.1. 
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T A B L E  II Tafel Constants,  Rv, and mpy Values for Cu a n d D S  Cu 

Conditions Parameters Cu DS Cu 

Tafel Anodic 41.49 72.57 
(mY) Cathodic 181.62 108.95 

Aerated Rp (k-ohms cm 2) 4.2827 6.66 
Ecorr (mV vs SCE) - 204 - 220 
Corrosion rate 1.90 1.51 
(mpy) 

Tafel Anodic 61.84 56.31 
(mV) Cathodic 115.44 101.38 

Air Rp (k-ohms cm 2) 4.2841 4.5245 
Ecorr (mV vs SCE) - 223 - 247 
Corrosion rate 2.35 2.397 
(mpy) 

Tafel Anodic 109.1 71.76 
(mV) Cat hodic 108.18 358.19 

Deaerated Rv (k,ohms cm 2) 7.39 9.2649 
Ecorr (mV vs SCE) - 290 - 298 
Corrosion rate 1.37 1.506 
(mpy) 

From these observations, it seems that the DS Cu 
has a corrosion resistance that is comparable to or 
slightly better than that of Cu. It is noted that Ecorr is 
more active for DS Cu than Cu. One possible reason 
for this is that the DS Cu may have a higher initial 
susceptibility to corrode compared to pure Cu be- 
cause of the presence of A120 3 particles. DS Cu may 
corrode in the interfacial area due to the residual 
stresses or galvanic corrosion between the alumina 
particles and the copper matrix. In other words, even 
though it may be easy to initiate corrosion in DS Cu, it 
may not necessarily have a higher corrosion rate than 
Cu, because corrosion rates depend on the corrosion 
process. Therefore~ DS Cu has comparable corrosion 
resistance to pure Cu after the protective film is 
formed on the surface, even though its Ecorr is more 
active than that for Cu. This result was also observed 
by Aylor [-4] in their tests of marine exposures for Cu 
and DS Cu for 1-7 months. The calculated corrosion 
rates based on the linear polarization testing showed 
that the corrosion rates for DS Cu were initially higher 
than for pure copper during the first month, but the 
rates for the composites decreased to rates that were 
comparable to copper after 3.5 months. 

5. Conclusions 
Electrochemical test results showed that the DS Cu 
has similar corrosion characteristics compared to Cu 
under aerated, deaerated and open to air conditions. 
The alumina particles in the DS Cu, however, do affect 
the corrosion behaviour of the DS Cu. The insoluble 
corrosion products on the samples are primarily cop- 
per chloride, as determined using X-ray diffraction 

and ICP-AES. The corrosion films at different regions 
of the polarization curve were studied using SEM. The 
results showed that the corrosion process is controlled 
by the formation and dissolution of the surface film. 
The alumina particles on the corroded surface affect 
the coverage of the CuCI film. Thus the particles play 
an important role in the corrosion process of the DS 
Cu. By dividing the corrosion behaviour into initi- 
ation and development and combining the results 
from chemical analysis of the surface film formed on 
DS Cu during the corrosion process, one can explain 
the observed different anodic and cathodic Tafel con- 
stants, polarization resistance values, corrosion rates 
and E .... values for DS Cu and pure Cu. 
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