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Introduction

Metal Matrix Composites (MMC) are highly heterogeneous in nature, and exhibit a high
degree of anisotropy in their properties. This is further complicated by the heat
treatments, and various fabrication and processing techniques employed to manufacture
finished parts. Generally, it is the matrix material which is affected by processing

and becomes susceptible to corrosion; compositional differences play a major role in
setting up the galvanic corrosion cells. Past studies have focused on such
fabrication and processing variables as variation in matrix composition, particulate

vs. whisker reinforcement, extrusion ratio, and the heat treatments (1-4).

In earhier studies MMC's were reported to corrode preferentially at the surface lavers
and in the interfacial regions of the reinforcement and matrix (1.3,4). Thermal
conductance mismatch between the matrix material (highly conductive aluminum alloy)
and the ceramic reintorcement (non-conducting oxides, carbides etc.) create heat
effected zones in the interfacial region of the particulate and the matrix, thus
contributing more toward the heterogeneity in the microstructure. Thermal gradients
cause compositional changes in the alloy locally with the segregation of elements in

the matrix constituents, tform voids and also possibly cause reduction of the
reinforcement material such  as_ alumina to aluminum (1,3). Generally, these
segregations were signiticant enough to set-up galvanic cells and cause preferential
currosion n these regions. Reinforcement tvpe. particulate or whisker, can have an
etfect on preterential corrosion (3). During processing whiskers have a great
tendency not only to be flawed but to become misaligned and cluster together in some
areas whereas leaving other areas devoid of reinforcement material (1.5-7). Enhanced
preferential corrosion was observed in those clustered areas. Even in the materials
where particulate distribution  was much more uniform. there were still some clustered
areas which exhibited enhanced corrosion attack (2.3). The increasing extrusion ratio
can help to elevate this problem with the particulate reinforcement and produce a more
homogeneous MMC. However, the whiskers under great extrusion pressures could get
damaged. thus a composite may loose its mechanical advantage (4.5).

Waork -hro-dening (plastic detformation)  or recrvstallization  produced  during  the
extrusion and machming (tabrication) are conventionally removed by heat treatments

fn case of MOC, comventional solution heat treatments were found to be inadequate @
rebieve prior cold  waorking: rather, 1t made  the composite more susceptible o
corroston (b The lack of thermal conducuvaty across the reinforcement material was

the reason considered. A higher temperature post solution heat-treatment tor longer
times was required not onhy oo reduce segregation and preferential attack but alo t
enhance corrosion resistance of the composite, in general. It was believed that the
MAME may have become more homogeneous and free of the residual stresses with thy
treatment ()
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The manufacture of finished products from MMC has been greatly impacted by their
susceptibility to microstructural corrosion due to the effects of processing and
fabrication. Any machining of the part after the heat treatment shall be a cause for

great concern. A number of MMCs, in particular, 6061-SiCw and 2124-SiCw composite
materials have been planned for use in military aircraft tail wing structures. The
effects of processing variables such as extrusion, continuous and squeeze casting, and

heat treatment may have tremendous consequences on the properties of MMCs (8-9). An
optical metallographic examination of microstructural segregation and the analysis of
corrosion behavior through controlled potential electrochemical  polarization
measurements would be highly significant in determining the areas of preferential
segregation and corrosion susceptibility.

In this study, the effects of near-net-shape processing, called squeeze casting
(solidification of hiquid under pressure) on the corrosion susceptibility of MMCs
containing SiC and AI:O_; as reinforcement particulates in two Al allov matrices has
been investigated. Extrusions and cast billets of aluminum alloy specimens were used
for comparison. The electrochemical polarization, corrosion (mass-loss) and
metatlographic opuical microscopic techniques were emploved in the investigations.

Experimental Procedure

Material @ The materials used for this study were 356 Al+20% SiC squeeze cast. 336
Al+157 51C cast billet. 6061 Al+13% Al2O5 squeeze cast. and 6061+ Al2O5 extrusion. A
schematic chart depicting the production sequences of the composites were as shown in
Fieures [ and 2. The nominal compositions of the Al 356 and Al 6061 alloyvs are as
tollows:

Al 6061 alloy:  Mn, 0.13; Fe. 0.7;S1, 0.8; Cr, 0.3; Ti, 0.15 Mg, 1.0; Cu, 0.4; Zn
0 25 and Al balance.

Al 356 alloy - Mn, 0.05; Fe, 0.2; 81, 7.0; Ti, 0.2; Mg. 04; Cu, 0.1; Zn, 0.05 and
Al bhalance.

Corrosion Studies : The general corrosion behavior of the MMC's were determined ™
petiorming mass-loss total immerston tests in 3.5% NaCl solutions of pH 2 and 6.
Coupon specimens trom the short transverse-longitudinal (S-L) face were used. The
specimens were exposed for 7 davs after which time they were removed trom the
<olutions and cleaned 1in S0V o nitrie acid then dried betore final weighing The test

W pertormed acoording to ASTM Standard Method G 31-72 (10)

Flectrochemical Studies Measurements of open ¢ircuit (corrosion) potentials,
potentisdynamie polanzation (FE vsolog 1) and controlled potential €1 vs thime) were
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Ceramic Reinforcement

|
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l [
Mixing arYd Degassing
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\/
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(Rolling, Extrusion, Forging)
v
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(Forming, Joining, Machining)

Figure 1. Schematic of PM-MMC fabrication (ref 8.)

Die/preform heating
7
Molten- m\ftal pouring
High pressure infiltration

\%

Removal of composites

Figure 2. Schematic of the Squeeze-casting process (ref 9.)
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conducted on the MMC’s. Corrosion current densities, polarization resistances and the
anodic and cathodic Tafel slopes were determined from these measurements. The test
solutions used were 3.5% NaCl, pH 2 and 6. A saturated calome} reference electrode
and a platinum counter electrode were employed.

Specimens were cold mounted in epoxy with their short transverse-longitudinal (S-L)
face exposed. The surface was prepared by using an automatic grinding/polishing unit
which uses diamond polishing media. This technique proved to give the most
reproducible surface finishes. It also minimized particle tear-out which is always
accompanied with materials containing hard facing substances (reinforcements).

The potentiodynamic polarization measurements were run in the potential range of

-t4 Vto -04 V with a scan rate of 0.166 mV/second. The potential was scanned from
the cathodic to the anodic region. In most cases the scans were started as soon as the
specimens were put into the solution. however, in few cases, a delay prior to the scan
was used to determine the open circuit (corrosion) potential.

Controlled Potential (1 vs t) measurements were conducted at settings of -0.50 V for
30min; -070 vV for 60min and -0.90 V for 120min. The metallographically polished
specimens of each MMC's were run at the above settings so the results could be
compared. The potential was controlled as soon as the specimen was tmmersed in the
solution.  All electrochemical measurements were performed with a2 PAR Model 331-2

Corrosion Measuring Syvstem  in accordance with ASTM Standard Methods G 3-74 and G 3-§C
Chrr2y.

Optical Microscopic Analysis © The metallographically  polished specimens were
exanuned betore and  after total immersion tests under controlled potential
polarization condition. and at three potentials as described earlier. Specimens were
also examined after being etched with Kellers Reagent. An optical metallograph was
used to obserse SIC and AlLO4 distribution, and the preferential attack, it any.

Results and Discussion

The Jdata tor the mass-loss (total immersion) tests for each MMC's have been summarized
in Table | The corrosion rates reported are in mdd (mils decimeter squared day

The 356+15% SiC billet showed the lowest rate in the pH 6 solution tfollowed by the
356+20% S1C squeeze cast, 6061+13% Al1O4 extrusion and 6961+15" Al-05 squeeze cast
In pH 2 solution, the order changed with the 356+20% SiC squeeze cast having  the
lowest rate. then 33641537 SiC billet. The 6061+15% Al5O5. both the extrusion and
«qurese cast, were almost one and a hall times  greater than for Al 356+SiC in the
~gueeze cast condinon. A sigmiticant thing to note was that there was almost no
ditterence between the corrnsion rates of the extrusion and squeeze cast specimens for
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the 6061+15% Al.O3 MMCs. It must be understood that the mass-loss tests reflect only
average corrosion rates over the entire surface area. Uader preferential attack,
corrosion rates can very high in certain areas and may vary from region 0 region
along the whole of the MMC material.

TABLE |
TOTAL IMMERSION WEIGHT LOSS CORROSION RATES

Materials Corrosion Rates (mdd)
pH 6 pH Z
£061+15% Alb03  extrusion 66.86 423 29
6C61+15%8 Alo03  sqcast 67 46 482 35
ICE+1S% 91T cast biflet 3509 284 26
350+ 2C% Si1C sgcast 48 .31 26012

The potentiodvnamic polarization behavior for the MMC's in pH 2 and 6 are given in
Figures 3 and 4 respectiveiv. The E vs log i curves showed no significant differences
between the two processing techniques. Only subtle differences existed which are
summarized in Tables 2 and 3 as electrochemical parameters. In pH 2 solution, the
356+20"% SiC squeeze cast had the lowest corrosion current density. [t was just
shightly lower than the 356+15% SiC billet but almost half as great as both the
extruded and squeeze cast 6061+15% Al:O3. The pH 6 solution produced slightly
ditferent results, The 336+15"% SiC billet had the lowest current density followed by
336+20" SiC squeeze cast, 6061+15% AI:O3 extrusion, and 6061+15% AI:O3 squeeze st
respectively. Corrosion current density  results in both pH solutions corresponded
well with the results from the mass-loss tests.
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TABLE 1!

TYP!CAL ELECTROCHEMICAL PARAMETERS OF MATERIALS
IN 352 NaCl SOLUTIONS AT pH 2

Electrochemical MMC's

Parameters 6061+1583 S0 6061+158 Ext 356+20% Sq 356+ 15%B1llet

Eoc, mY -.742 -.756 - 760 - 766

Re 0 *cem? S 00e3 4 85¢3 911e3 3.7Se3

£(1=0), mv - 828 - 833 - 780 - 792

o, mV/dec 320 417 262 261

P omv/des 67 89 56 46

~opR. AZTm2 14 20e-6 13.10e-6 6.69-6 7 22e-6
TABLE 111

Y- oae ~ P
elirochericy)

srameters

CALMNY el

2
IRR. A/TMS

TYPICAL ELECTROCHEMICAL PARAMETERS OF MATERIALS
IN' 3 5% NaCl SOLUTIONS AT pH 6

MMC’'s
€061+158 51 6061+1SB Ext  356+208 S0 356+ 15FBiilet

- 723 - 714 -.768 ~ 752
1 0€e3 283e3 2.18e3 5 Q8e3
-.69% - 671 -.736 - 717

477 -3383 7656 708

49 46 St 4!
6 04e-6 4 48e-6 3 G€e-6 2 4de-6
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Figure 3. Potentiodynamic polarization behavior
of the MMCs in 3.5% NaCl pH 2 solution.
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Figure 4. Potentidynamic polarization behavior
of the MMCs in 3.5% NaCl pH 6 solution.
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Constant potential (potentiostatic) tests were used to study preferential corrosion
behavior of the MMCs. Their current density transients can be observed at the various
settings in Figures 5, 8, and |1. By using these plots along with optical microscopic
evaluation, the selective microstructural attack of the composites was studied. The
three potentials chosen were picked from the potentiodynamic scans in pH 2 solution.
These corresponded with the corrosion potential (-0.70 V) and the potentials 200 mV in
the cathodic and anodic regions, i.e., -0.50 V and -0.90 V, respectively. The first

set of tests were run at the anodic potential or under highly severe condition, at
-0.50 V for 30 minutes. At this potential except for highly noble constituents.
evaryvthing should be susceptible to corrosion. As shown in Figure 5, 356+20% Sig
squeeze cast showed a steady-state dissolution current density of approx. 60 mA/cm-;
this was almost twice than that for the other three samples. On examining the
micrographs in Figures 6 (at 100X) and 7 (at 1000X), it was found that the 356+20% SiC
squeeze cast was preferentiaily attacked in the particulate clustered regions

(Fig. 6A). At a higher magnification (Fig. 7A) the micrograph showed loss of

70 60

(@2
wn
60 00 M
£
<2 50.00
-
> 4000
=
A —— o
5 3000
o
= 2000 | 00060 356+20% SiC Squeeze Cast
& @esea 356+ 15% SiC Cast Bile!
A 06000 6061+ 158 AL,0y Extrusion
o o80ed 6061+ 158 A0y Sq Cast
D000}
(!

OCO?LA)AA)LALILAJAA . TS SIS N R U Gl U U LU S G S

TIME (SEC)

Figure 5. Potentiostatic behavior of the MMCs
at -0.3volts tor 30min in 3.5% NaCl pH 2 solution.
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particulates (SiC) due to the dissolution of the matrix in the interfacial region.

The 356+15% SiC billet (Fig. 6B) also appeared severely attacked in the clustered
regions; however, when examined more closely at a higher magnification (Fig.7B), there
was severe corrosion of the matrix in the vicinity of SiC particulates. The matrix
area which was devoid of particulate appeared free of selective attack. The

6061+15% A1203 squeeze cast and extrusion showed nearly the same current density
versus time curve at -0.50 V for 30 minutes (Fig.5). The micrographs of the

6061+15% A1203 squeeze cast showed (Fig. 6D) that it had a much more uniform
distribution of Al,O3 particulates than the one with extrusion (Fig. 6C). Both
processes (squeeze cast and extrusion) showed heavy preferential corrosion and
pitting, in or near the particulate clusters (Figs. 7C & 7D). There were some areas,
away from the particulate, where matrix was also attacked. This along with the severe
attack of the matrix in the immediate vicinity of particulates (interfacial regions)
caused rcavy loss of the reinforcement.

The next set of potential control tests were run at -0.70 V for 60 minutes. Because
this potential was near the corrosion potential, it could be possible to determine how
processing conditions could alter the general corrosion behavior of the MMCs. If as a
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result of processing some dealloying (elemental redistribution or segregation) of the
matrix material occurred, the regions devoid of noble constituents (elements) would
become anodic to the bulk alloy composition and corrode preferentially. A plot of
current density versus time and the micrographs for the exposed specimens at this
potential are shown in Figure 8, and Figures 9 and 10, respectively. The 356+20% SiC
squeeze cast sample again showed the highest corrosion current density, ~7 UA/cmz,
which was about 1.5 times greater than the 356+15% SiC billet and almost 7 times as
great as both the 6061+15% A1203 squeeze cast and extrusion (Fig.8) showed that at the
early stages of controlled potential exposure, severe selective attack occurred in the
regions where the particulates clustered. In fact, it was very severe around the
particulate itself, as shown in Fig. 10A, at 1000X magnification. The 356+15% SiC
billet also experienced similar initial attack within the particulate clustered region

(cf. Figure 9B & 9B). Some particulates have been shown to fall-out in both specimens
within the clustered areas (cf. Figs. 9B & 9B). Though, very little preferential
corrosion occurred in the immediate vicinity of the particulate, and the matrix was
virtually unaffected. It suggested that matrix in the clustered region had become very
susceptible to corrosion either because of some noble potential behavior of the SiC
particulates or compositionally that corroded area was devoid of some noble
constituents. The 6061+15% A1203 specimens, both the extrusion and squeeze cast,
showed very little corrosion attack at -0.70 V (Figs. 9C & 9D). The selective attack
however was not seen to be limited to the clustered areas or at the interface region

of the matrix and particulates (Figs. 10C & 10D). Selective corrosion occurred in the
region within the matrix which were devoid of any reinforcement material. The squeeze
cast showed less of this type of corrosive attack (Fig. 10D). At this point, signs of
grain boundary corrosion also began to appear,

The plots of current transients at -.90 V for 120 minutes showed a negative current or
cathodic polarization behavior for ali MMCs (Fig 11). The Al 6061/A1,05 composites
showed highly cathodic behavior which increased with time. Most probably, the currents
were involved in the process none other than evolution of hydrogen; as the surface got
more & more cieaner due to reduction of the surface oxide or the reinforcement, the
rate of hyvdrogen reduction reaction increased. Since there was almost no anodic
dissolution involved, the optical micrographs of the specimens showed no visible
attack at all (cf. Figs. 12 & 13, plates C & D). Even Al 356/SiC composites were
unaffected at this potential. There may have been some interfacial regions near the
particulates where some etching could be observed (Figs. 12 & 13, plates A & B).
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Bv careful examination of the microstructures it was possible to differentiate the
eftects the processing had on the orientation of the microstructure(Figure 14). It

was found that the ceramic reinforcement clustered in the interdendcritic spaces during
casting of Al 356+15% SiC billet. This is known to occur during slow cooling at which
time the moving liquid-solid interface forces the ceramic reinforcement into the
interdendritic spaces (13). The 356+20% SiC squeeze cast had a more homogeneous
dispersion of the particulate matter; due in part to the processing and the increase

in overall volume fraction of the particulates. There was little difference in
particulate distribution between the 6061+15% A1203 squeeze cast and extrusion. The
squeeze cast material showed less clustering than the extrusion. The micrographs also
showed voids on the composite. These voids could be either from processing or could
have occurred during polishing (tear-out). Although, even the most careful surface
preparation techniques could not avoids tearing, 1t was believed that voids were
inherent with the composite processing.

Etching the specimens with Kellers Reagent revealed the secondary phases within the
microstructures of MMCs. Mostly, secondary phases can act as pit initiation sites
(14) . In heterogeneous systems, such as MMCs, the processing conditions form
intermetallic phases or inclusions which become the sites for pit initiation (14). On
examining the micrographs of the etched specimens before the controlied potential
tests, it was revealed that in the case of A' 356/SiC composites (shown in Figs. 15 &
16, plates A & B) secondary phases appear d mainly within the particulate clustered
regions and only in small amounts around the individual reinforcement itself. This
corresponded well with the preferential attack noted in the micrographs taken after
the controlled potential tests at -0.50 V and -0.70 V.

The etched Al 6061 'Al1-05 composites showed large secondary phases primarily around the
particulate with few large areas in the matrix region which were devoid of the
reinforcement (Figs. 15 & 16, plated C & D). This explains the selective attack in

the region for Al 6061,’AI:O3 as found in the micrographs after the controlled

potential tests. This also corresponded well with the conclusion that during

processing and heat treatment segregation of the elemental constituents could occur.
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Conclusions

The metal matrix composites processed by squeeze casting techniques were not free from
reinforcement segregation and preferential corrosion susceptibilities. They were only
marginally superior to extruded and continuous cast materials. All materials,

extruded, billet cast and squeeze cast were found to show significant preferential
microstructural corrosion wherever they formed clusters. It was largely attributed to
formation of a secondary phase or phases which must have different elemental
composition than the matrix. Electrochemical controlled potential corrosion and

optical microscopic examinations were highly useful in arriving these conclusions.
Between the alumina and silicon carbide as reinforcement material, SiC particulates
showed a little poorer distribution than alumina during extrusion. However, it was
opposite during squeeze casting. Probably, the thermal conductivities were the

primary reasons. During squeeze casting heat is contained and confined for a longer
period. thus the particulate distribution could occur more homogeneously. With

alumina as particulate material, a thinning of the particles is possible as A1203 can

be reduced to Al during processing. This in turn could change the matrix chemistry and
create different microstructural compositions. It could be also the reason why Al,O4
containing composites could show some preferential corrosion behavior even in the
matrix material.
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