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Localized Corrosion Induced in Graphite/Aluminum Metal-
Matrix Composites by Residual Microstructural Chloride

L.H. Hihara® and R.M. Latanision
The H.H. Uhlig Corrosion Laboratory
Department of Materials Science and Engineering
MIT, Cambridge, MA 02139

Abstract

Graphite/Al (G/Al) metal-matrix composites (MMCs)
manufactured using the titanium-boron vapor deposit (Ti-B VD)
method were found susceptible to localized corrosion in
chloride-free sodium sulfate solutions in which Al should be
passive. Corrosion behavior of G/Al MMC precursor wires and
plates made of diffusion-bonded packs of precursor wires was
investigated in this study. In chloride-free sodium sulfate
solutions, severe pitting of the wire-wire diffusion bonds was
observed to coincide with distinct pitting regimes in anodic
polarization diagrams of the G/Al MMC plates. The pitting of the
diffusion bond regions disbonded the precursor wires, and
caused the plates to exfoliate. Pitting was found to be induced
by residual microstructural chloride, which originated from the
Ti-B VD method. This work suggests that the exfoliation of G/Al
MMC plates should be eliminated by producing composites with
halide-free microstructures.

* Present address: Department of Mechanical Engineering,
University of Hawaii at Manoa, Honolulu, Hawaii 96822




Introduction

Many have speculated !-234:5:6 that the poor corrosion
resistance of graphite/aluminum (G/Al) metal-matrix composites
(MMCs) in comparison to their monolithic matrix alloys is
caused by galvanic coupling of graphite and aluminum. However,
the exfoliation of composite plates 287, which are made of
diffusion-bonded packs of G/Al MMC precursor wires and Al
foils, is more destructive. Exfoliation is caused by the localized
corrosion of wire-wire and wire-foil diffusion bonds (DBs). which
disbonds precursor wires and foils. The cause of DB corrosion
was not determined in the reported cases 2:6.7,

In this study, evidence has been found that correlates
localized corrosion of wire-wire DBs and occasional pitting of the
matrix to residual chloride, which is left behind in the
composite microstructure during fabrication. The Al-infiltration
process known as the titanium-boron vapor deposit (Ti-B VD)
method of manufacture, which uses TiCly (g) and BCl; (g) for the
deposition of a Ti-B coating on graphite fibers 8, is the source of
residual chloride ®. The microstructure of a graphite/6061-T6
aluminum alloy (G/6061-T6 Al) MMC fabricated by the Ti-B VD
method was studied in detail by Hihara and Latanision ® using
Auger electron spectroscopy. x-ray photoelectron spectroscopy,
and energy dispersive x-ray analysis (EDXA). The results of
Hihara and Latanision ® will be frequently referenced, and their
principal results are summarized below for convenience of the
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The corrosion of G/6061-T6 Al MMCs (processed by the
Ti-B VD method) in chloride-free 0.5 M Na;SO4 was investigated

in this study. Since Al should passivate in chloride-free Na;SO;4,
pitting of the Al-matrix can be attributed to the presence of
microstructural chloride. In this study, polarization diagrams
were generated for monolithic 6061-T6 Al, graphite fibers, and
the MMC. An optical microscope with a video recorder was
used with a potentiostat and environmental cell to observe
changes occurring on G/6061-T6 Al MMC electrode surfaces in
situ. Scanning electron microscopy (SEM) was used to
characterize corrosion morphology ex situ. This approach
provided 1) electrochemical evidence which demonstrated that
pitting of the 6061-T6 Al matrix in chloride-free 0.5 M Nag3SO4
was induced by microstructural chloride, and 2) visual evidence
(in situ and ex situ) of pitting in the DB regions. Correlation
between the microstructure, electrochemical data, and
corrosion morphology provided firm evidence that links DB
corrosion to residual microstructural chloride.

Materials

Monolithic 6061-T6 Al Electrodes:

Planar 6061-T6 Al electrodes were fabricated by coating
specimens with either an epoxy paint (AMERCOAT 90 RESIN,
Ameron) or an epoxy adhesive (EPOXY-PATCH, The Dexter
Corporation). Following the coating procedure, one side of the
specimens was ground flat in order to remove the epoxy from
one surface to expose a planar electrode face.

P100 Graphite Electrodes:
Planar graphite electrodes were fabricated from Thornel
P100 fibers (which are unidirectional, continuous, about 10 um




in diameter, and pitch-based with an elastic modulus equal to
690 GPa). Fifteen tows of the fiber (=2000 fibers/tow) were
aligned unidirectionally and infiltrated with an epoxy resin
(EPON 828 RESIN, Miller-Stephenson Chemical Co., Inc.). The
resulting product, a graphite/epoxy composite rod, was made
into electrodes by sectioning the rod perpendicularly to the axis
of the fibers.

G/6061-T6 Al Electrodes:

G/6061 Al MMC precursor wires were produced by
Material Concept. Inc. The wires consisted of a tow of Thornel
P100 graphite fibers infiltrated with 6061 Al to a volume
fraction of about 0.5. Six-ply plates were consolidated by DWA
Composite Specialties, Inc. by diffusion bonding six layers of
precursor wires between surface 6061 Al foils. The G/6061 Al
MMCs were heat treated to the T6 condition by solution-treating
at 530°C for 50 min, water quenching, and artificially aging at
160°C for 18 h.

Planar electrodes were made from G/6061-T6 Al MMC
precursor wires and six-ply plates having the graphite fibers
oriented perpendicularly to the electrode surface. The surface
foils of the six-ply plate were ground away prior to making
electrodes. To make electrodes, the specimens were coated
with AMERCOAT 90 RESIN and then mounted in EPON 828
RESIN. Following the coating procedure, a planar electrode face
was exposed, using the same method described for the
6061-T6 Al electrodes.

Precursor wires were also made into electrodes that
exposed only the 6061-T6 Al skin. The tip of the precursor
wires was coated with AMERCOAT 90 RESIN to shield the cross
section. Consequently, when these precursor wires were




. immersed into aqueous solutions, only the 6061-T6 Al skin was
exposed. These electrodes will be referred to as precursor-wire
6061-T6 Al skin electrodes.

Aqueous Solutions:
Neutral 0.5 M Na;SO4 and 3.15 wt% NaCl solutions were

prepared from 18 megaohm-cm water, and analytical grade

Nay SO, (< 0.0002% Cl) and NaCl, respectively. During
potentiodynamic experiments, the solutions were kept at

301+ 0.1°C, and deaerated with pre-purified hydrogen or aerated
with 19.5 to 23.5 % oxygen balanced with nitrogen. In
experiments performed under the optical microscope, solutions
were at room temperature and exposed to laboratory air. Gas
pressure was 1 atm.

Instrumentation and Procedure

Electrochemical Experimentation

The surface of all planar electrodes was polished to a
0.05 um finish with gamma alumina powder, kept wet, and
rinsed with 18 megaohm-cm water about 5 minutes prior to
immersion in the aqueous solutions. The precursor-wire
6061-T6 Al skin electrodes were rinsed in methanol and then in
18 megaohm-cm water about 5 minutes before immersion in the
aqueous solutions.

Potentiodynamic polarization examinations were
conducted with a Model 173 Princeton Applied Research (PAR)
Potentiostat/Galvanostat and a Model 376 PAR Logarithmic
Current Converter. The accuracy of the logarithmic current
converter was measured to be better than 5% while measuring

. currents in the nA range.




In generating potentiodynamic polarization diagrams, the
electrodes were allowed to stabilize at their corrosion potentials
(Ecorr) and were subsequently polarized at a rate of 0.1 mV/s.
Polarization diagrams with error bars were generated from at
least three individual polarization diagrams. The average
logarithm of the current density (log 1 [A/cm?]) was plotted as a
function of potential. The peak-to-peak width between error
bars is equal to two times the standard deviation of logi. The
average values of E¢oy. the average time that the electrodes were
in the open circuit condition prior to polarization, and the
standard deviation (SD) of these parameters are given in the
caption of the polarization diagrams.

rrosion Morphol

Optical microscopy and SEM were used to characterize
the corrosion morphology. Chemical analysis of solid corrosion
products was performed by EDXA.

In situ corrosion observations were made using an optical
microscope equipped with a video camera and recorder. An
open cell contained the solution and held the specimen beneath
the objective lens of the microscope. There were several
millimeters of solution above the specimen surface.

Results

Electrochemical Data

In order to recognize peculiarities in the electrochemical
behavior of the G/6061-T6 Al MMC plate (exposed to
0.5 M NayS0,), the anodic polarization diagram of the actual

composite was compared to that of a multiple electrode model.




The model represented "ideal” behavior. Accordingly, anodic
polarization diagrams of monolithic 6061-T6 Al, P100 graphite
fiber, and G/6061-T6 Al MMCs were generated. Because
residual microstructural chloride is expected to induce pitting
in the 6061-T6 Al matrix, it is important to know how chloride
affects the anodic polarization diagram of 6061-T6 Al. For this
reason, an anodic polarization diagram of monolithic 6061-T6 Al
exposed to 3.15 wt% NaCl was generated.

Monolithic 6061-T6 Al:

Anodic polarization diagrams of 6061-T6 Al are shown in
Figures 1 (deaerated 0.5 M Na;S0O4) and 2 (deaerated 3.15 wt%
NaCl). The 6061-T6 Al passivated in the Na;SO4 solution, and

pitted in the NaCl solution (pitting potential = -0.725 Vgcg).

P100 Graphite Fiber:
" The anodic polarization diagram of P100 graphite fiber
exposed to deaerated 0.5 M Na;SO4 is shown in Figure 1.

G/6061-T6 Al MMC:

Anodic polarization diagrams of planar six-ply plate
(Figures 3) and precursor wire (Figure 4) that were exposed to
deaerated 0.5 M Na; SO, are similar, with pitting potentials at
approximately -0.5 Vgcg. The open circuit potential of planar
six-ply plate electrodes was shifted in the noble direction
towards the pitting potential during aeration, as shown in
Figure 5. The anodic polarization diagram of the precursor-wire
6061-T6 Al skin electrode (Figure 6) exposed to deaerated
0.5 M Na3SO4 is also similar to Figures 3 and 4; the pitting
potential of the precursor-wire skin was about -0.6 Vce.




rrosion Morphol

In chloride-free 0.5 M Na;S0Q4, the matrix of the
G/6061-T6 Al MMC pitted in the zones of residual
microstructural chloride. Of the various types of electrodes
examined, the zones were located in 1) the DB regions of the
planar six-ply plate electrodes, 2) the perimeter regions of the
planar precursor w . electrodes, and 3) the skin of the
precursor-wire 6061-T6 Al skin electrodes. The graphite fibers
were relatively inert, but could be oxidized at noble potentials.

Planar Six-ply Plate Electrodes:

The corrosion process was observed in situ with an optical
microscope, and can be viewed on video tape elsewhere 19,
Hydrogen evolution was observed in the DB regions during
exposure to aerated 0.5 M Na;SO4 in the open circuit condition
(-0.61 Vgg). Dissolution of the DB regions was intensified by
anodic polarization, and the resulting corrosion morphology is
shown in Figure 7. The disbonding of precursor wires by
corrosion was demonstrated by sawing off the surface layer from
a corroded electrode, similar to that in Figure 7, to produce a
wafer which could then be slightly stressed in tension.
Following this procedure, the wafer parted along thoroughly-
corroded DBs (Figure 8); the corrosion product in the region
contained chlorine, as determined by EDXA. Occasionally, pits
were also found in precursor interiors, as shown in Figure 9.

Planar Precursor Wire Electrodes:

Pits were concentrated near the perimeter of planar
precursor-wire electrodes (Figure 10) that were anodically
polarized in 0.5 M Na;SO4. With the optical microscope,
Hj evolution was also seen in the perimeter regions during




anodic polarization (at 0.0 Vg). In this case, Hp evolution is an

indication of pitting because the reducing potentials within pits
can promote H, evolution.

Precursor-wire 6061-T6 Al Skin Electrodes:

Pits were copious in the skin of precursor-wire
6061-T6 Al skin electrodes (Figure 11) that were anodically
polarized in deaerated 0.5 M Na;SO4. Beneath the skin,
dissolution of the matrix was extensive, as shown by a cross-
sectional slice (Figure 12). An enlargement of the cross section
shows sites where pits penetrated the skin (Figure 13). In
Figures 12 and 13, the large cavities (black) resulted from
mechanical damage during sectioning. '

Graphite Fiber in G/6061-T6 Al MMC:

Figure 14 shows crevices that formed along perimeters of
graphite fibers during anodic polarization at 2.0 Vs for
3.2 hours at 30°C in deaerated 0.5 M Na;SO;.

Discussion

The electrochemical evidence of pitting in chloride-free
0.5 M NaySOq4, and the localized corrosion of DB regions are two
principal findings presented in the Results section. These
results in concert with those of Hihara and Latanision ®, which
revealed that chloride-containing zones are located in DB
regions, provide sufficient evidence to link DB corrosion to
residual microstructural chloride. The following discussion
establishes that 1) pitting was induced by residual chloride, as
revealed by a comparison of the electrochemical behavior of the
multiple electrode model to that of the actual MMC, 2) corrosion
morphology was related to the microstructure, 3) DB corrosion
in the open circuit condition was caused by O reduction, and




4) crevice formation, which occurs along the perimeters of P100
graphite fibers, was caused by graphite oxidation and not by
fiber-matrix interfacial dissolution.

The multiple electrode model for a composite containing
50% P100 graphite fibers and 6061-T6 Al exposed to deaerated
0.5 M NazSO4 is shown in Figure 1. In the multiple electrode
model, 6061-T6 Al was passive, and P100 graphite was oxidized
primarily to CO,. Hihara ! showed that significant amounts of
CO; are liberated from P100 graphite anodes during polarization
in 0.5 M NaSO4. In Figure 15, the polarization diagram of the
multiple electrode model is compared to the actual diagram of
the G/6061-T6 Al MMC six-ply plate. The pitting regime in the
polarization diagram of the six-ply plate (Figure 3 or 15) caused
current densities to be much larger than predicted by the
multiple electrode model. In fact, pitting regimes were found in
all of the anodic polarization diagrams of the various
G/6061-T6 Al electrodes exposed to chloride-free
0.5 M Na,SO4. This can be seen in Figures 4 and 6, showing the
anodic polarization diagrams of the planar precursor wire and
precursor-wire 6061-T6 Al skin electrodes, respectively. It is
evident that microstructural chloride induces pitting of
6061-T6 Al in much the same manner as would CI" ions
originating from solution. This was further demonstrated by
comparing the anodic polarization diagram of the precursor-wire
6061-T6 Al skin electrode exposed to chloride-free
0.5 M Na;SO, to that of monolithic 6061-T6 Al exposed to
3.15 wt% NaCl (Figure 16). Although there is a difference in the
pitting potentials by about 0.1 V (Figure 16), the difference was
anticipated due to the dependency of pitting potentials on

chloride-ion concentration 1.
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The corrosion morphology also provided firm evidence
that links localized corrosion to microstructural chloride. High
pit density corresponded to the zones of microstructural
chloride. In the planar electrodes, the zones were located in the
DB regions of six-ply plates, and in the perimeter of precursor
wires. In the precursor-wire 6061-T6 Al skin electrodes, the
zone encompassed the skin . Accordingly, in the planar
electrodes, severe pitting occurred in the DB regions of six-ply
plates (Figures 7 and 8) and in the perimeter regions of
precursor wires (Figure 10). In the precursor-wire skin
electrode, the skin severely pitted (Figures 11, 12, and 13).
Also, the corrosion of DB regions led to the disbonding of -
precursor wires in the six-ply plate electrodes. It is likely that
this type of disbonding resulted in the exfoliation of G/Al plates
that were seen by others 267, An important implication is that
composites with halide-free DBs should not exfoliate.

In the six-ply plates, pitting of the matrix also occurred in
precursor-wire interiors, as shown in Figure 9. Pitting in the
precursor interiors, which occurred infrequently in comparison
to pitting in the DB regions, is probably induced by chloride
contamination of fiber-matrix interfaces, which is also
infrequent °.

It is also important to know if pitting occurs in the open
circuit condition, which is likely to be the case during service
conditions. In deaerated 0.5 M NaSO4, the polarization
diagrams (Figures 3, 4, and 6) show that G/6061-T6 Al MMCs
were spontaneously passive. In aerated solutions, however, a
planar six-ply plate electrode (exposed to 0.5 M NaySO4) was
polarized into the vicinity of the pitting regime by O reduction.
This is shown in Figure 5 where the open circuit potential

11




approaches the pitting potential. Hydrogen evolution was also
observed (in situ with an optical microscope) in the DB regions
of newly polished six-ply plate exposed to aerated 0.5 M Na;SO4
in the open circuit condition (-0.61 V). Hz evolution, in this
case, is a sign of pitting because potentials within pits can be
sufficiently reducing to promote H, evolution. It is doubtful that
methane evolution resulting from Al4Cs hydrolysis or graphite
reduction can occur at DB regions. Al4C; should be localized in
fiber-matrix interfaces and not in DBs because it is a reaction
product of graphite and Al at high processing temperatures.
Methane, which is thermodynamically stable at cathodic
potentials, was undetectable during cathodic polarization of
P100 graphite fiber electrodes in 0.5 M Na;SO, 19,

Finally, comments are due regarding crevices that formed
along fiber perimeters (Figure 14) which could be mistaken for
dissolution of fiber-matrix interfaces. The crevices formed
during anodic polarization in 0.5 M Na3SO4. The corrosion
morphology shown in Figure 14 is identical to that seen in
graphite/epoxy composites !°. Epoxy is unaffected by anodic
polarization whereas the graphite fibers are oxidized primarily to
CO; 1°. Since the Al matrix in G/6061-T6 Al MMCs should
passivate near fiber-matrix interfaces (where microstructural
chloride is rarely found 9), the corrosion morphology is expected
to be similar to that of graphite/epoxy composites. Thus, the
apparent interfacial dissolution was actually the result of
graphite oxidation.

Conclusion

Chloride-containing zones in DBs of G/6061-T6 Al MMC
plates were found to cause severe pitting in DB regions. The
pitting of DB regions disbonds precursor wires, which leads to

12




the exfoliation of six-ply plate electrodes. Exfoliation is much
more destructive than classical galvanic corrosion between
graphite and Al. This work suggests that exfoliation can be
eliminated from future G/Al MMCs by producing composites
with halide-free DBs. In view of these findings, priority should
be given to fabrication processes that do not use halides.
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List of Figures

Figure 1: Anodic polarization diagrams of 6061-T6 Al and P100
graphite fiber exposed to deaerated 0.5 M Na;SO4 of pH 7 at
30°C. Scan rate = 0.1 mV/s. Based on the mixed electrode
theory, these diagrams were used to construct the anodic
polarization diagram of a composite consisting of 50% P100
graphite fiber and 6061-T6 Al. Data for 6061-T6 Al: Avg Ecopr =
-1.256 Vg, SD = 0.010 V; Avg time at open circuit = 0.59 h,
SD = 0.09 h. Data for P100 graphite fiber: Avg Eqogg =

-0.190 V¢, SD = 0.64 V; Avg time at open circuit = 2.21 h,
SD= 1.11 h.

Figure 2: Anodic polarization diagram of 6061-T6 Al exposed to
deaerated 3.15 wt% NaCl of pH 7 at 30°C. Scan rate =

0.1 mV/s; Avg Ecorg = -1.228 Vg, SD = 0.029 V; Avg time at
open circuit = 0.67 h, SD = 0.18 h.
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Figure 3: Anodic polarization diagram of planar G/6061-T6 Al
MMC six-ply plate electrode exposed to deaerated 0.5 M Nay;SO4
of pH 7 at 30°C. Scan rate = 0.1 mV/s; Avg Ecopg = -0.915 Vgcg,
SD = 0.018 V; Avg time at open circuit = 0.93 h, SD = 0.17 h.

Figure 4: Anodic polarization diagram of planar G/6061-T6 Al

MMC precursor wire electrode exposed to deaerated
0.5 M Na;SO4 of pH 7 at 30°C. Scan rate = 0.1 mV/s; Avg Ecorr

= -1.050 Vgcg, SD = 0.005 V; Avg time at open circuit = 0.62 h,
SD = 0.03 h.

Figure 5: Anodic polarization diagram of planar G/6061-T6 Al
MMC six-ply plate electrode exposed to aerated 0.5 M Na;SO4 of
pH 7 at 30°C. Scan rate = 0.1 mV/s; Avg Ecgrr = -0.680 Vg, SD
= 0.048 V; Avg time at open circuit = 1.55 h, SD = 0.57 h.

Figure 6: Anodic polarization diagram of precursor-wire
6061-T6 Al skin electrode exposed to deaerated 0.5 M NaySO4
of pH 7 at 30°C. Scan rate = 0.1 mV/s; Avg Ecopr = -1.081 Vg,
SD = 0.017 V; Avg time at open circuit = 0.71 h, SD = 0.08 h.

Figure 7: SEM micrograph showing the localized dissolution
(induced by residual microstructural chloride) of the diffusion
bond regions between precursor wires in a planar G/6061-T6 Al

MMC six-ply plate electrode. The electrode was anodically
polarized in deaerated 0.5 M Nay;SO4 of pH 7 at 30°C.
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Figure 8: SEM micrograph of a planar G/6061-T6 Al MMC six-
ply plate electrode showing the disbonding of precursor wires
resulting from localized dissolution (induced by residual
microstructural chloride) of the diffusion bond regions. The
electrode was anodically polarized in deaerated 0.5 M Na;SO4 of

pH 7 at 30°C.

Figure 9: SEM micrograph of a planar G/6061-T6 Al MMC six-
ply plate electrode showing localized dissolution (induced by
residual microstructural chloride) in precursor interiors.
Graphite fibers (dark) are in a 6061-T6 Al matrix (light). The
electrode was anodically polarized in deaerated 0.5 M Na;SO4 of
pH 7 at 30°C.

Figure 10: SEM micrograph showing localized dissolution
(induced by residual microstructural chloride) in the perimeter
region (indicated by arrows} of a planar G/6061-T6 Al MMC
precursor wire electrode. The graphite fibers (dark) are in a
6061-T6 Al matrix (light). The precursor wire {s mounted in

epoxy. The electrode was anodically polarized in deaerated
0.5 M Na;SO4 of pH 7 at 30°C.

Figure 11: SEM micrograph showing pits (induced by residual
microstructural chloride) in a precursor-wire skin electrode.
The electrode was anodically polarized in deaerated

0.5 M NaSO4 of pH 7 at 30°C.

Figure 12: Cross section of the precursor-wire 6061-T6 Al skin
electrode shown in Figure 11. The graphite fibers (dots) are
perpendicular to the plane of the page. The bright regions are
unconsumed 6061-T6 Al matrix. The electrode was anodically
polarized in deaerated 0.5 M Na;SO4 of pH 7 at 30°C.
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Figure 13: Enlarged view of Figure 12 showing sites where pits
(indicated by arrows) initially penetrated the precursor-wire
skin.

Figure 14: SEM micrograph showing crevices along the
perimeters of graphite fibers in a planar G/6061-T6 Al MMC six-

ply plate electrode that was anodically polarized at 2.0 Vscg for
3.2 h in deaerated 0.5 M Na,SO4 of pH 7 at 30°C. The formation

of crevices was caused by CO, evolution, resulting from the
oxidation of graphite.

Figure 15: Comparison of the anodic polarization diagram of the
multiple electrode model (consisting of 50% P100 graphite fiber
and 6061-T6 Al) to that of the planar G/6061-T6 Al MMC

(=50 vol % P100 graphite) six-ply plate electrode exposed to
deaerated 0.5 M Na;SO4 of pH 7 at 30°C. Scan rate = 0.1 mV/s.

Figure 16: Comparison of the anodic polarization diagram of the
precursor-wire 6061-T6 Al skin electrode exposed to deaerated
chloride-free 0.5 M Na;SO4 to that of monolithic 6061-T6 Al

exposed to deaerated 3.15 wt% NaCl. Both solutions were of
pH 7 at 30°C. Scan rate = 0.1 mV/s.

17




YT =aS ‘Y 177 = wnond udxdo

12 own 8AY ‘A $9°0 = S DA 061°0- = ¥0°F Sy :oqy onydess 01d 20f BIEd "4 60°0 = AS ‘Y 6§°0 = 3inaxd uado e swn Ay
‘A 0100 = GS A 95T 1- = M0og SAY :[v 91-1909 105 e1ed "IV 9L-1909 PUE Joqy a1ydesd po1d %0 Jo Bunsisuad snsodwod

® Jo wexSerp uonezue(od JIpOUE Y IONISUOD O} PIst Aom swresdelp 259y ‘AI031) SpONIIS PIXTUI A} UO paseq  “S/AW [°() = eI Ued§
3,06 1€ £ Hd JO POSZeN I §'0 Pateioeap o1 pasodxa 1aqy anydess 01d Pue IV 9L-1909 Jo sures3erp uonezuejod o1pouy | An31g

[,wo/v] 1 Boj

€- b - G - 9- L- 8-
e A e e Rl
jot-
(IV 91-1909 k
: / pue ayydern 1
- 001d %0S)IPPoN. 150"
\ : 3pondd[ Aduiny m
IV 9L-1909 i : —_
OI[OUOIA] i 00 M
o
G0 -
s1aqy AydeI3 001d
0t
Gl

.
P{-lhILIDD-lethLri—bbhtbLP-bb-r--br-DLPF[hhb ON




. o — . oy = ‘ 0= ¢ ‘I-= M><
4 81°0 = AS ‘Y £9°0 = momd uado 1e swn SAY ‘A 6700 = AS “°A 8TT'1 .am
'S/AW [°Q = eI UBIS "D0€ 1B L Hd JO [DBN %M G "¢ Pie1aeap O3 pasodxa 1v 91-1909 JO wes3eip uonezuejod orpouy 7 am3L]

[,worv] 1 Bo

v - G-

LN BN SN SN NS BN B SN S SENNL Sunh AN L JENNL BNNL AENEL BN BEN SN ANED RENL NN RN AN SN

™
1

(eosp) 3

A b2

Ll"TllIl’T‘lllfl r_rilll'llllﬁirllTI

.
a2 a2 2 2 o 1 o 4 4 2 2 4 2 2 2 Lo a2 2 s s s 2 s ) 2 2 2 8 a2 2 2 oo-




YL10=dS ‘U€60
J0 YOSTeN W $°0 pa1e1deap o pasodxa aponsdfd aeid £

= ynampd uado 1e swm 3AY ‘A 810°0 = AS ‘T5A S16°0- = ™°F AV
1d-X18 DA IV 9.L-1909/0 Teued jo wresderp uonezirejod orpouy

[,wo/v] | Boj

ml

A

2.4 .2 2.2 2 2 a 1 2 2 2 1. .2 2 2.3

PO B W Y

2 2 a2 2 a2 2 1 2 2 2 2 2 2 2 2.

'y A L

P |

-

v'o-

¢ 0

00

‘s/AW [°Q = eI UBdIS ‘D0€ 18 L Hd

g amByg

(eosA) 3




. . 5 . -— [ ) . nm
4 £0°0 = S ‘Y 9°0 = 1nono uado 1e swm SAY ‘A §00°0 = dS A 050'I- =" Ay 's/AW [0 = 3BI UEDS "D,0¢ 1t L H
Jo ..Omuuh wm% no.o cmmuumww 01 pasodxa aponoa]3 anm Josindaxd DN TV 9L-1909/O reued jo ureiSerp uonezurejod spouy :f 231

[,wo/v] 1 Bol

: - G - 9- L-

m..11.1..].1.14.....2.......:.1 2’1

ﬁ “

| 410'}-
Jgo-
1 m
loo- &
4 (¢
. e
lyo
1zo

PR P S S BRI S R S S e s wara i g iy ¢ )




-4 60 = A *4 §§°1 = nao uado 1 dum 3AY A 8¥0°0 = AS A 0890 = Wody Ay is/AU ') = eI UBDS "D,0€ W L Hd
JoYOSTeN W S0 pareae 01 pasodxa sponoay aeid Aid-xis DININ TV 9. 1-1909/0 reueid jo urexderp uonezuejod opouy g M3y

€ - p- G- 9- L-

-
q-J-dnid‘-ldwuldd-d-—-dﬂJJd-J-dlddinnil wo

490

4160

AV

(e9sA) 3

4 €0

4410

N I
'l

-
Y D I -L!-I’-—l.-Lxr- bL—P-I-I-HiF-IiInLI oo




" 80°0 = AS ‘Y 1£°0 = 1nomd uado e own SAY A L10°0 = AS A 180°]- = TPF BAY 'S/AW [0 = AL UEIF “Do0¢
12 £ Hd Jo YOSTeN I S'(Q Pa1eIae3p 0 pasodxa aponaI2 upis 1y 9.L-1909 anm-1osin231d jo weiderp uonezuejod oipouy 9 AUNIL]

[,wosy] 1 boj

ml

A A B

vy v T ¢ °¢ L

©
Q
(e9sA) 3




Figure 7: SEM micrograph showing the localized dissolution (induced by residual
microstructural chloride) of the diffusion bond regions between precursor wires in a planar
G/6061-T6 Al MMC six-ply plate electrode. The electrode was anodically polarized in
deaerated 0.5 M Na;SO4 of pH 7 at 30°C.

Figure 8: SEM micrograph of a planar G/6061-T6 Al MMC six-ply plate electrode
showing the unbinding of precursor wires resulting from localized dissolution (induced by
residual microstructural chloride) of the diffusion bond regions. The electrode was
anodically polarized in deaerated 0.5 M Na;SO, of pH 7 at 30°C.




Figure 9: SEM micrograph of a planar G/6061-T6 Al MMC six-ply plate electrode
showing localized dissolution (induced by residual microstructural chloride) in precursor
interiors. Graphite fibers (dark) are in a 6061-T6 Al matrix (light). The electrode was

anodically polarized in deaerated 0.5 M Na,SO4 of pH 7 at 30°C.
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Figure 10: SEM micrograph showing localized dissolution (induced by residual
microstructural chloride) in the perimeter region (indicated by arrows) of a planar
G/6061-T6 Al MMC precursor wire electrode. The graphite fibers (dark) are ina
6061-T6 Al matrix (light). The precursor wire is mounted in e(!:oxy. The electrode was

anodically polarized in deacrated 0.5 M Na;SO4 of pH 7 at 30°C.




Figure 11: SEM micrograph showing pits (induced by residual microstructural chloride) in
a precursor-wire skin electrode. The electrode was anodically polarized in deaerated
0.5 M NaSO,4 of pH 7 at 30°C.

Figure 12: Cross section of the precursor-wire 6061-T6 Al skin electrode shown in
Figure 11. The graphite fibers (dots) are perpendicular to the plane of the page. The

bright regions are unconsumed 6061-T6 Al matrix. The electrode was anodically polarized
in deaerated 0.5 M NaySQO4 of pH 7 at 30°C.




Figure 13: Enlarged view of Figure 12 showing sites where pits (indicated by arrows)
initially penetrated the precursor-wire skin.

Figure 14: SEM micrograph showing crevices along the perimeters of graphite fibers in a

planar G/6061-T6 Al MMC six-ply plate electrode that was anodically polarized at
2.0 Vscg for 3.2 h in deaerated 0.5 M NaSO; of pH 7 at 30°C. The formation of

crevices was caused by CO; evolution, resulting from the oxidation of graphite.
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