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Electrochemical Aspects of
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(Received December 10, 1976)

The effect of varying potential upon the stability of a bond formed between an adhesive
and an electronically conducting substrate has been examined both theoretically and
experimentally. It has been found that, in the presence of a liquid which can wet the sub-
strate and the adhesive, the possibility of adhesive/substrate separation exists, even though
the bond might be very stable in the absence of such a liquid environment. Both the inter-
facial tension between the liquid and the substrate and specific adsorption at the substrate/
liquid interface vary with potential, making the stability of the adhesive/substrate bond
potential dependent. In the case of the PTFE/graphite bond in the presence of hot con-
centrated H3PQy, the measured variations in the rate of separation with potential can be
rationalized on the basis of the probable changes in the free energy of the process with
potential.

INTRODUCTION

Adhesive joints are sometimes assumed never to separate if they are proper,
i.e. if there is true molecular contact between the phases and if no weak
boundary layer exists.! This assumption is based on the argument that the
change in free energy of the system which occurs during separation is positive
and so large, even without chemical bonding, that unattainable stress would
be required for separation at the actual interface. However, if a liquid is
present which can wet both the adhesive and the substrate, separation can
occur.?' 3 It appears that the liquid diminishes the free energy of separation
by altering the interfacial tensions of the freshly exposed surfaces. Since the
interfacial tension between an electronic conductor and an electrolyte depends
on the electrode potential it would seem reasonable to expect some correlation
between the potentialt and the separation tendency of a metal/adhesive

T The term potential used in this paper refers to the iR~free terminal voltage of the cell
consisting of the electrode under study and a reference electrode [in this case a Pt/H,
(1 atm total pressure) electrode in the same medium].
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joint which forms a three-phase boundary line with an electrolyte, e.g., at a
crack or other imperfection.

The results presented here pertain to the separation of joints between
graphite and PTFE in hot concentrated H,PO,. This system was studied as
a model for the adhesion of thin PTFE films on electrocatalysts in certain
fuel cell electrolytes. It has been shown* that such structures contain very
thin films of PTFE supported by the porous catalyst.

THERMODYNAMIC CONSIDERATIONS

The aforementioned argument of inseparable proper adhesive joints has to
be modified if one deals with systems exhibiting three-phase boundary lines
formed by the joint components and an electrolyte. An approximate expres-
sion relating the free energy of separation of such joints can be derived
without much difficulty if the metal after separation forms a polarizable
interface with the liquid, and if no specific adsorption occurs. Most practically
interesting systems such as the present one do not conform to this ideal
model and have to be dealt with more or less empirically. Nevertheless, it
would appear useful to use the simpler model as a guide for understanding
the more complex systems.

Assume a proper joint between an adhesive (A) and a metallic substrate (S)
which, in contact with the electrolyte (L), forms a polarizable interface
without chemisorption. Upon separating 1 cm? of this joint under the influence
of a mechanical stress 1 cm? of interface S/A is eliminated and 1 ¢cm? each
of S/L and A/L are created. The change in free energy is

AG = ysL + yaL — 7sa + AG, M
where AG (<0) is due to the mechanical stress relaxation. We also have for
the interfacial tension between a liquid (1) and a solid (2)

Y12 = Yav — P1v €08 Oy5. . 2
Treating the adhesive at S/A as the liquid we have
AG = yg, — ysv + vav(l + c0s 05,) — yrv cos O, + AG, 3)

The electrocapillary curve of electrodes of the assumed kind is described by
the well known equation

YsL = (’VSL)mnx - %C (8 - smax)z- (4)
We now have
AG = (YsL)max — Ysv + Yav(l + c0s 8s4) — yrv cOs O + AG,, - )
- 31C(e - Emax 2

The index (max) refers to the electrocapillary maximum where the metal
surface is charge free. C is the (differential) double layer capacitance of the
interface S/L.
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(YsL)mex €an be assumed to have a value similar to that calculated by
applying Eq. (2) to this interface. Thus, for a wettable metal ys, will be
smaller than ysy. At potentials more positive (anodic) or more negative
(cathodic) than the point of zero charge (pzc, €nay), Ys. Will be smaller than
(ysL)max- We see that separation at S/A is thermodynamically least favored
at the pzc. At other potentials it is possible that the mechanical stress required
to make AG negative is small enough to allow separation at the actual
interface, i.e. that it is smaller than the cohesive strength of the adjoining
phases, or of a weak boundary layer if present. Assume a typical double
layer capacitance of C ~ 20 uF/cm?, At a rational potential (¢ — &n,,) Of
1 volt (e.g. a basal plane graphite electrode with g,,, ~ 0 volt® under air
where the open circuit potential is in the vicinity of 1 volt) AG is reduced by
10-> VA sec/cm? = 100 erg/cm? from its maximum value. This value
corresponds to a reduction in the separation stress of the order 10* atm.

Unfortunately, few metal/electrolyte interfaces behave in the idealized
manner considered so far. Even if a continuous charge transfer reaction
such as corrosion does not occur, chemisorption is frequently present.
Specific adsorption will distort the electrocapillary curve and Eq. (4) cannot
be used under such conditions to describe the electrocapillary curve. How-
ever, the Lippmann equation, relating the slope of the electrocapillary curve
to the metal charge,

dys _
dSL = - Q (6)

is still applicable. Equation (4) is derived from Eq. (6) using aconstant
capacitance C. It would appear reasonable, therefore, to use Eq. (5) with
the empirically determined integral § Q de instead of the parabolic term.
This is equivalent to using the pseudo-capacitance C* instead of C. Pseudo-
capacitances are typically larger than double layer capacitances and their
influence is restricted to certain potential regions. Thus, rather than vary
linearly with potential as without chemisorption, the metal charge changes
more abruptly in regions where specific adsorption occurs. As a result, the
interfacial tension also changes more abruptly in such regions.®

For electrodes which cannot be polarized the slope of the electrocapillary
curve is not equal to the metal charge.” We cannot change the potential by
supplying an electrical charge to the electrode but only by varying the
activity of the potential determining ions in solution. As a result the variation
of ys,. with potential cannot be estimated from charging curves but has to be
measured directly.

It seems clear that the argument of inseparable proper adhesive joints
cannot be applied generally to joints between a conductor and an adhesive
if three-phase boundary lines are formed with an electrolyte. The potential
at this boundary line can be enforced and controlled with an external voltage
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source or, at open circuit, it will be determined by the electrically neutral
sum of all possible electrochemical reactions. Examples of the latter are the
cathodic O, or H,0 reduction, the anodic adsorption of oxygen containing
groups, anodic metal corrosion, etc. Such open circuit potentials are usually
difficult to predict and they can vary, sometimes very substantially, from
experiment to experiment for reasons hard to identify. For this reason, and
because of the possible magnitude of the effect of potential on the free energy
of separation, the present experiments were done at controlled potentials.

EXPERIMENTAL

1. Materials

The carbon substrate material was as deposited pyrolytic graphite, provided
by the Union Carbide Corp. The graphite was sectioned parallel to the
principal axis of symmetry so as to expose an edge plane oriented surface.
(The resulting graphite substrate had dimensions 1 cm x 1 cm x 2 mm, with
two parallel 1 cm? edge plane oriented surfaces exposed.) The sample was
polished with Linde Al,O; powders down to 0.05 um particle size. SEM
photomicrographs indicated that the polished surfaces did not contain pores
with diameters greater than 0.1 um, with most pores considerably smaller
than this.

The PTFE material used had an average molecular weight of about
5x 108, It was obtained in the form of a water suspension of submicron-
sized particles with no added surface active agents.

The porous gold foil substrates employed were prepared by the high
temperature sintering of pressed layers of Englehard 100 mesh (nominal)
gold powder. The flexible gold foil prepared in this manner was about 1 mil
thick and contained pores ranging up to several micrometers in diameter.

2. Preparation of samples for testing in room temperature
air environment

Layers of the PTFE material about 20 um thick and about 7 mm in diameter
were prepared by filtration upon the porous sintered gold substrates. These
layers were dried and heated in the air for 1 hour at 350°C, conditions chosen
to allow the PTFE to flow into the porous gold substrate, thereby effectively
anchoring it by means of mechanical interlocking effects.* The 350°C thermal
processing operation also served to consolidate the PTFE, creating a smooth
surface for subsequent bonding to the polished carbon surface. The PTFE-
carbon bond was subsequently formed by heating the contacting materials
for 1 hour at 350°C,
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3. Preparation of samples for testing in hot, concentrated
electrolytic environment

The sample preparation technique finally adopted was the result of much
trial and error experimentation. The major difference between this technique
and that used to prepare the samples for testing in the room temperature air
environment is the use of a layer of FEP between the porous gold substrate
and the layer of PTFE. The FEP bonds very well to the PTFE (presumably
by chain entanglement during the thermal processing operation). Further,
due to its lower melt viscosity and melting temperature, it flows much more
rapidly into the porous gold substrate than does the PTFE. Thus, the PTFE
film is more strongly bonded (primarily by mechanical interlocking effects)
to the porous gold by virtue of the intermediate layer of FEP. (This stronger
adhesion is required because of the much longer duration of the tests per-
formed in the hot, concentrated electrolytic environment.)

The PTFE on gold foil sample was bonded onto the polished edge plane
oriented pyrolytic graphite surface using the same procedure employed to
prepare the samples for testing in the room temperature air environment,
except that the PTFE on gold foil was positioned so as to extend out over
the edges of the polished carbon surface on three sides. Following this, a
single-edged razor blade was used to trim the PTFE on gold substrate as
close as possible to the two parallel edges of the carbon substrate, leaving
the PTFE on gold foil extending out over the edge of the carbon sample on
one side only. An aluminum mold was used to bend the PTFE on gold foil
“tab” up from the edge of the piece of pyrolytic graphite so that the *‘tab”
(except for the portion in the bend) was now perpendicular to the carbon
surface.

4. Testing procedure—room temperature air environment

The procedure used was basically that described in the ASTM “Standard
Method of Test for Tensile Properties of Adhesive Bonds™.® A fast setting
epoxy resin was used to bond the exposed sides of the gold substrate and the
piece of pyrolytic graphite to the flat surface of two stainless steel lugs. Each
lug was threaded on the end opposite to the bonded sample so that it could
be attached to an Instron screw-type tensile testing machine equipped with
an X-Y recorder. An aluminum guide was used to ensure good linear
alignment of all bonded parts, two set screws being used to immobilize the
stainless steel lugs during the setting of the epoxy resin.

The entire assembly (with the stainless steel lugs attached to the aluminum
guide by the two set screws) was then attached to the tensile testing machine,
one set screw was loosened, and the room temperature stress-strain curve
was recorded using a 0.005 in./hr rate of elongation. The tensile strength of



16: 47 22 January 2011

Downl oaded At:

128 K. A. KLINEDINST AND W. M. VOGEL

the adhesive bond between the PTFE and the carbon is calculated from the
force required to break the experimental piece.

The PTFE and carbon surfaces were examined after the tensile testing.
Water wettability was used to test for the presence of a thin PTFE film that
might still be adhering to the carbon surface. Additionally, these surfaces
were examined microscopically by the use of a Leitz Optholux microscope
with a double beam interferrometer attachment.

5. Testing procedure—hot, concentrated electrolytic
environment

In order to measure the rate of debonding of the PTFE from the smooth
carbon surface, a device was constructed capable of detecting submicron-
sized changes in the extent of the PTFE-carbon bond. The heart of this
device is a Hewlett-Packard linear displacement transducer, model 24DCDT-
050. The PTFE-carbon sample is attached to hardware constructed entirely
of tantalum so that it may be totally immersed in the electrolyte (104 w/o
H,PO, at 160°C) under conditions of controlled electrochemical potential.
The piece of carbon is firmly attached to the immovable base of the testing
apparatus (by means of a set screw), while the gold foil “tab” is attached to
the movable tantalum rod (by means of another set screw). The rod is
connected to the transducer core whose position is detected as it moves
through an electromagnetic field. A pulley assembly enables the application
of a small, constant load to the PTFE film in order to provide a way of
lifting the unbonded portion of the PTFE film (attached to the gold foil
“tab’”) so as to assure the maintenance of the three phase interface (PTFE-
carbon-electrolyte). (A 6 gm weight was used in these experiments, equivalent
to 6 x 10-#* gm per micrometer of PTFE/carbon interface.)

The sample (attached to the adhesion testing device) is then lowered into
the electrolyte solution, becoming the working electrode of an electro-
chemical cell, with a platinum foil counter electrode and a 1 atm H,/Pt black
reference electrode also immersed in the electrolytic solution. All of the other
cell parts were constructed from molded PTFE. A potentiostat and function
generator were employed in order to measure the stability of the PTFE/
carbon bond as a function of electrochemical potential. The entire adhesion
testing device, including the transducer and the electrochemical cell, was
contained within a thermally insulated box so as to avoid problems arising
from air temperature variations. The temperature within the insulated box
remained at about 31°C throughout the experiment. The insulated box rested
upon vibration damping cushions which themselves rested upon a heavy
marble table. The output of the linear displacement transducer was calibrated
and fed into a strip chart time base recorder so that a record of the movement
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of the gold foil ‘“‘tab” (and, therefore, a record of the separation of the PTFE
film from the carbon surface) was obtained.

6. Procedure for determining the reactivity of the polished
carbon surface as a function of electrochemical potential

A gold wire contact was pressed into a hole drilled into one of the basal plane
edges of a piece of the edge plane oriented pyrolytic graphite. The carbon
was then coated with FEP by repeated dipping in an FEP dispersion and
heating at 335°C. One of the edge plane surfaces (1 x 1 cm) was then polished,
cleaned, and dried. It was heated in the air at 350°C for 13 hours (to at least
partially simulate the process of bonding the PTFE to the carbon surface).
It was then attached to the potentiostat-function generator combination and
immersed in N,-saturated 104 w/o H;PO, at 160°C. The potential was
increased from the open circuit potential (about 750 mV) up to 900 mV, and
then repeatedly cycled (7 sec/V) between 900 and 50 mV. The I-E data were
recorded.

RESULTS

1. Room temperature air environment

An applied stress of about 1200 psi was required to separate the experimental
sample, and the manner in which the sample separated was most significant.
The PTFE simultaneously tore away from both the porous gold substrate
and the smooth edge plane oriented pyrolytic graphite. The tests were
quickly terminated, leaving one end of the stretched PTFE film still attached
to the carbon surface while the other end of the film was still attached to the
porous gold foil.

The portions of the carbon surface and the porous gold substrate to which
the layer of PTFE had previously been attached were both water nonwettable,
indicating that a film of PTFE still adhered to both of these surfaces (since
both surfaces were water wettable before being bonded to the separated film
of PTFE.) It was shown by, interferrometry that the thin PTFE film that
still adhered to the carbon surface was very nonuniform, with a mean
thickness of about 0.1 um.

2. Hot, concentrated electrolytic environment

The rates of separation of the PTFE from the smooth edge plane carbon
surface in the potential range from 20 to 980 mV are plotted in Figure 1. The
data showed good reproducibility at a given potential, both with the same
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sample and with different samples. Thus, in a given experiment the rates
could be changed from one value on the curve to another one by changing
the potential.

8- 0.980V — 100m/br
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FIGURE 1 Rate of separation vs potential (in electrolytic environment).

At potentials between 900 and 955 mV, the joints were found to be com-
pletely stable, i.e. no separation was found for up to 90 hours (the longest
experimental time). At potentials above 955 mV the rate of separation (r)
increased approximately exponentially with increasing potential. Thus

r oc exp (ae), o~ 0.2mV-1, )

When the potential was cycled rapidly between 20 and 920 mV using a
square wave function generator with the pulses at both ends being of equal
duration, a separation rate of 3.3 um/hr was observed. This value is almost
exactly the average of the separation rates at 20 mV (7.0 um/hr) and 920 mV
(0.0 um/hr). This result also indicates how reproducible and specific the
potential effect is.

For a given sample, the total amount of separation over the duration of
an experiment should, of course, equal the time integral of the separation
rate. The former was determined in two tests by post test microscopic
examination. Good agreement (£ 10 %) was found, thus confirming the rate
measurements.

Important is the observation that the graphite surface exposed during
separation was always found to be water wettable, and that no traces of



16: 47 22 January 2011

Downl oaded At:

ELECTROCHEMICAL ASPECTS OF JOINT FAILURE 131

graphite could be detected on the PTFE surface. Thus, separation occurred
at the actual graphite/PTFE interface.

DISCUSSION

These results indicate that the strength of the PTFE/edge plane pyrolytic
graphite bond is greater than the cohesive strength of the PTFE. This
conclusion is confirmed by a comparison of the stress required to separate
the experimental sample (about 1200 psi) with the room temperature yield
strength of PTFE according to the manufacturer (1300 psi).®

Our results also demonstrate the absence of a weak boundary layer that
might be formed at the interface during the process of bond formation at
350°C.

ianodic

TERY N N W N S NN N A SR |
USUSUSU UL UL 1
0.1 02 63 04 05 06 0708/ 09 1.0

icathodic

FIGURE 2 Measured voltammogram for the carbon substrate in the electrolyte.
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Figure 2 reproduces a typical voltammogram for polished edge plane
pyrolytic graphite in the same electrolyte that was employed in the adhesion
testing, and at the same temperature. The nearly reversible current maxima
appear at around 620 mV which presumably correspond to the reduction/
oxidation of surface groups, such as a quinone-hydroquinone couple,1%-13
At potentials 2 0.8 volt the irreversible oxidation of carbon to CO, com-
mences, !4 13

In attempting to correlate the observed separation rates with the thermo-
dynamics of the process much depends on whether the apparent stability of
the joint at 0.9 to 0.955 volt is of thermodynamic or kinetic origin. We
cannot answer this question conclusively but can merely state that no separa-
tion was observed for up to 90 hours. However, it is tempting to assume that
in this potential region thermodynamic stability is reached, i.e. that g,
lies somewhere in this region. [The data of Morcos® refer to basal plane
graphite at 25°C in salt solutions and are thus not applicable to the present
system.] Even with this assumption it seems apparent that kinetic phenomena
must be involved because the voltammogram (Figure 2) indicates that
graphite in this region is not essentially polarizable. The surface reaction at
the three-phase boundary line graphite/PTFE/acid must be blocked some-
how. If it were otherwise we should expect to observe the steep rise in the
separation rate to commence at ~0.8 volt rather than at > 0.955 volt.

The observed separation at ¢ < 0.9 volt indicates that, whatever the
value of AG is at 0.9 to 0.955 volt, it is negative at ¢ < 0.9 volt. The voltam-
mogram indicates that at potentials below about 0.85 V the carbon undergoes
reactions which appear to be restricted to the surface. As a result we expect
ys. to decrease at such lower values for &, and separation to become thermo-
dynamically more favored. The observed rates do not contradict this simple
explanation based on the probable changes in the free energy of the process
with potential.

CONCLUSIONS

In general, in the presence of a liquid which can wet the substrate and the
adhesive the possibility of adhesive/substrate separation exists, even though
the bond might be very stable in the absence of such a liquid environment.
In addition, if the substrate is an electronic conductor, the interfacial tension
between liquid and substrate will vary with the potential. In this way, the
relative stability of the adhesive/substrate joint (in the presence of such a
liquid environment) becomes a function of the potential, as well. If, in ad-
dition, the possibility for specific adsorption at the substrate/liquid interface
exists, then additional bond destabilizing forces are similarly introduced.
It is unnecessary that the liquid wets the adhesive for separation to occur.
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In the case of graphite/PTFE, forming three-phase boundary lines with
hot concentrated H,PO,, the variations in the rate of separation with potential
can be rationalized on the basis of the probable changes with potential in the
free energy of the process.
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