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A study is made of the factors that contribute to the energy
of mica-mica, silica-silica, and mica-silica interfaces in the
presence of moist atmospheres. Energies are measured using
brittle fracture and contact adhesion techniques. Both “vir-
gin” and “healed” interfaces are investigated, with special
attention on the latter. The fracture and adhesion data over-
lap, reflecting a common underlying separation process by
“sharp-crack propagation.” The study identifies several con-
tributors to the interface adhesion energies. At virgin mica—
mica and silica—silica interfaces the energy is determined by
primary ionic-covalent attraction, and by the screening of
this attraction by condensed moisture from the atmosphere.
At healed interfaces the energy depends on both environ-
mental interaction and “lattice” coherence. At retracted
cracks in mica-mica most of the virgin ionic attraction is
retained. On misorienting separated cleavage halves prior to
recontact the interaction energy drops substantially: in
“dry” atmospheres (relative humidity <5%) a portion of the
Coulombic interaction persists in the form of “macroscopic
domains” of electrostatic charge, attributable to long-range
order in the cation sublattice; in “wet” atmospheres (relative
humidity >50%) capillary forces dominate. The dissimilar
mica-silica system exhibits the same dominance by capil-
lary forces in wet atmospheres. However, in dry atmospheres
the adhesion energy becomes inordinately high, from spon-
taneous transfer of electronic charge from one surface to
the other. The implications of these observations concerning
mechanical properties of brittle ceramics are discussed.
[Key words: mica, silica, interfaces, fracture, adhesion.]

I. Introduction

THE adhesion at boundaries between like or unlike solids
can be a critical factor in such areas as tribology, coating
technology, strength of materials, and powder processing.
The higher the interface energy, the stronger the mechanical
“communication” between the two adjoining solid halves. For
example, in reinforced composites a strong fiber/matrix inter-
face facilitates transfer of shear stress, enabling the fiber to
bear a portion of an applied load. Optimization of toughness,
on the other hand, demands that the interface not be too
strong, in order that debonding may occur, nor too small that
the ensuing pullout occurs without dissipative frictional con-
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straint. Accordingly, a knowledge of interface energy states,
especially in the presence of environmental fluid species, is of
interest in modern ceramics science.'

The interface energy can be quantified by the Dupré work
of adhesion W}? i.e., the work per interface area to separate
the solid halves in the presence of a specified environment
from their initial state at intimate contact to infinity in a re-
versible process. For ceramics, the most direct methods of
measuring this quantity, exemplified by a wealth of experi-
mental data on mica, are those of brittle fracture®'® and ad-
hesive pull-off at Hertz-like contacts.'”>* These two methods
are in fact complementary, in that they both involve interfa-
cial separation by some form of “crack” propagation. Of the
two, fracture is less restrictive, enabling one to determine en-
ergies of chemically bonded “virgin,” in addition to “healed,”
interfaces. At healed interfaces, interfacial occlusion of exotic
molecules from the environment is generally unavoidable.
With contact pull-off, the two surfaces must first be brought
into contact, so that only healed interfaces can be studied.
Moreover, unless very special care is taken with mutual align-
ment of the specimen halves,?* the recontacted surfaces will
lack atomic registry, corresponding to a state of “lattice”
incoherency.

In this paper we use both fracture and adhesion techniques
to measure the work of separation for recontacted like and
unlike interfaces in mica and high-purity silica glass in
“moist” and “dry” atmospheres, comparing (where possible)
with values for virgin interfaces. Adhesion energies in the
range 100 mJ-m™2 to 10 J- m™? are recorded. In saturated at-
mospheres, capillary condensation of water at the open
“crack” effectively screens any solid-solid interactions, so
that the adhesion is dominated by the (negative) Laplace
pressure.” At intermediate relative humidity the capillary re-
tracts toward the crack front (contact circle), allowing the
solid—solid forces to operate. These solid—solid forces have a
strong ionic attraction in the like mica-mica system, with a
“locked-in,” correlated long-range component from disorder
in the cationic lattice. This long-range component is not seen
in the pure silica-silica system, although the presence of
network-modifier cations (i.e., in soda-lime glass®) can give
rise to a similar ionic attraction. In the unlike mica-silica
system the electrostatic interaction is dominated by transfer
of free charge across the interface.”” This latter electrostatic
force is especially manifest in dry atmospheres. Broad conclu-
sions concerning interface energies in solid junctions are
drawn from the results, and implications concerning specific
mechanical properties for brittle materials are discussed.

II.

(1) Materials Preparation

Muscovite mica and silica glass were chosen as model ma-
terials for this study because of the capacity to prepare speci-
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mens as thin sheets with surfaces of near-atomic smoothness,
thereby facilitating intimate contacts for interface adhesion
measurements. All specimen surfaces in our study were
formed at room temperature in a dust-free laboratory atmos-
phere at relative humidity 40% to 60%.

Mica for the fracture experiments was prepared by the
cleavage of specimens =25 mm X 10 mm, thickness =50 um.
“Good” cleavage produces surfaces with just a few atomic-
scale steps. Recontacted interfaces were prepared after rotat-
ing fully separated cleavage halves through =10°. Some
incomplete cleavages through virgin sheets were allowed to
run back before complete separation, thereby forming a
healed interface with high lattice coherence. Optical inspec-
tion of the surfaces after conducting the fracture experiments
confirmed the absence of cleavage steps on the accepted
specimens.

Mica for the adhesion experiments was prepared by cleav-
ing sheets of typical thickness 2 to 6 wm which contained no
atomic steps over areas on the order of 10 x 20 mm. Speci-
mens with typical dimensions 7 X 10 mm were then cut from
the sheets and promptly adhered to a freshly cleaved mica
backing sheet to protect them from contamination. While still
on the backing sheet, an evaporated silver layer 50 nm thick
was deposited on the exposed back surface of each specimen,
as required by the interferometry technique discussed below.

Since fracture surfaces of silica cannot be produced to the
requisite atomic smoothness, an alternative approach was
adopted for the preparation of silica specimens for both the
fracture and adhesion experiments.”® Molten silica glass was
blown into bubbles with wall thickness <10 um and allowed
“to cool quickly under surface tension. Specimens were se-
lected from near-flat fragments and were kept in adhesive
contact either with a second silica sample or with a clean
mica surface, again to prevent contamination. Profilometry
traces on test specimens of these silica surfaces indicated an
average roughness of =0.5 nm over 30-um traces. As with the
mica, silica specimens for use in the adhesion experiments
were silvered on their back surfaces.

Mica—glass junctions were similarly formed by recontacting
silica glass fragments onto freshly cleaved mica.

Some auxiliary experiments were run to investigate poten-
tial effects of aging and surface chemistry. Freshly recon-
tacted mica-mica and silica-mica interfaces were
heat-treated at 120°C under vacuum for 20 h. Newly cleaved
mica sheets were washed in aqueous HCI at pH 5 to replace
surface potassium cations by hydronium ions, thus forming
“hydrogen mica”;”® hydrogen—hydrogen (H-H) and hydrogen—
potassium (H-K) mica interfaces were then formed.

(2) Fracture and Contact Adhesion Techniques

Double-cantilever-beam (DCB) fracture'® and crossed-
cylinder contact adhesion? experiments were performed on
the above interfaces. The tests were conducted in environ-
mental enclosures that allowed for atmospheric control over a
relative humidity range RH = 1% to 100%. Time-dependent
“crack” growth at constant applied loading was apparent in
both the fracture and the contact adhesion configurations.
Care was therefore taken to ensure that near-equilibrium
conditions prevailed in all of the measurements below, by al-
lowing the systems to settle down after each increment in ap-
plied load or displacement. Notwithstanding this care, crack
growth in the driest environments, especially for the mica-
mica and mica-silica systems, was notably erratic and irre-
producible.

(A) Fracture: Fracture experiments were run on mica—
mica and mica-silica systems by driving a thin steel wedge of
thickness 2k = 50 wm along the interfaces.'® (Unfortunately,
the glass fragments were too fragile for silica—silica experi-
ments using this technique.) Crack lengths ¢ were measured
optically in transmitted light. The DCB crack system is highly
stable, so equilibrium is rapidly approached after each incre-
mental insertion of the wedge. Interface energies were calcu-
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lated using the thin-beam formula for equilibrium cracks'
3h?
W == 3 3
I (Ed} + 1/E-d3)

with E; and E, Young’s modulus and d; and d, the thickness
of each specimen half, in the approximation of negligible
mode II (shear) fracture. An effort was made to preserve
“symmetry” by maintaining E ,d; = E,d3, so that the possibil-
ity of significant mode II contributions could be ignored.”

(B) Contact Adhesion: Contact adhesion experiments
were performed on recontacted mica—mica, silica-silica, and
mica-silica couples, after gluing the specimens at their silver
side, onto cylindrical silica lenses, radius of curvature R, for
insertion into an Israelachvili-type surface force apparatus.”
The lenses were mounted with their axes at right angles in
order that the undeformed surfaces were in contact at a point.
The interferometer created by the silver layers (each approxi-
mately 95% reflecting) allows direct measurement of the
surface separation profile, with 0.1- to 0.2-nm resolution in
separation. When the surfaces are allowed to jump into con-
tact under the action of their mutual attraction, they form a
flattened contact circle of typical diameter 50 to 150 pm.

The adhesion energy, unless otherwise noted, was meas-
ured via the instability force, P, required to pull the surfaces
apart from equilibrium separation; P; is measured by the
deflection of a double-cantilever spring supporting one of
the cylindrical lenses. The spring constant of this force-
measuring spring could be varied continuously over the range
10? to 10° N-m™’. Most adhesion data reported here were
taken with the spring at 10> N -m™' (“weak spring”); however,
when the attractive force between the surfaces was relatively
strong, as in the case of the silica-mica system at 1% RH, a
setting of 10° N-m™' (“stiff spring”) was employed to mini-
mize the effect of spring instability at small separations. For
the pull-off adhesion measurements, the adhesion energy is
related to P, by

w = L @

amR

@

where the coefficient o depends on the comparative radial
dimensions of the contact circle and the adhesion zone (i.e.,
the interactive zone outside the contact circle where cohesion
or adhesion forces operate): in the limit of small zones (dry
atmospheres) a = 3/2;" for large zones (saturated atmos-
pheres) @ = 2."® The transition between these two limiting
cases is discussed more fully elsewhere.'” We note that Eq. (2)
is independent of elastic constants.

When the stiff spring is used, the pull-off measurement is
no longer a practical method of determining W because, upon
separation, the surfaces do not jump beyond the range of the
adhesion force, making a measurement of P, difficult. Under
these circumstances, the force is measured as a function of
surface separation, and these data are integrated to obtain W.

(3) Surface Charge Measurements

In the course of performing the contact adhesion experi-
ments on the dissimilar mica-silica system in dry nitrogen, an
unusually strong attractive force was observed after the sur-
faces had been in contact.® It was determined that the force
was the result of electric charge transferred from one surface
to the other, negative on the silica surface and positive on
the mica.

A technique was developed® to measure directly the
amount of charge transferred in the contact adhesion experi-
ment. Fine copper wires were attached to the evaporated sil-
ver layers on the back of each sample using pure indium as a
solder. The silver layers were then held at ground potential
through electrometer circuits; when the surfaces were sepa-
rated, current flowed into or out of each silver layer (depend-
ing on the sign of the charge on the exposed surface) to create
image charge layers. For separation large compared to the
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substrate thicknesses, this image charge in each silver layer
is equivalent to the charge left on the corresponding con-
tact surface.

III. Results

Experimental results for interface energy W against relative
humidity RH from the fracture and contact adhesion runs are
plotted collectively as the data points in Figs. 1 to 5 for the
mica-mica, silica—silica, and mica-silica systems, along with
some comparative data from studies in the literature (as indi-
cated in the captions). Data points for contact adhesion are
computed using @ = 2 in Eq. (2). Points at the extreme right
in these figures denote tests in bulk water. The fracture data
are for three interface types: a first run through previously
uncleaved virgin sheets (v); subsequent runs through inter-
faces healed in registry by retraction of an incompletely
cleaved crack (h); subsequent runs through interfaces healed
in misregistry by rotation of fully separated cleavage halves
before recontact (h'). Contact adhesion data are for h' inter-
faces only. The data sets for each system include runs on sev-
eral specimens. Curves through the data are theoretical fits
from an analysis described in Section I'V.

Observe that for those recontacted (h’) interfaces in Figs. 1
to 5 where common fracture and contact adhesion results are
available the data sets overlap each other within the broad
scatter band. In this context, recall again that we have used
a = 2in Eq. (2) to compute W for the contact adhesion ener-
gies, whereas in dry environments, where the capillary zone
becomes negligibly small, @« = 3/2 is more appropriate." This
latter modification will increase W for contact adhesion at low
RH by some 33%, raising the appropriate data points in
Figs. 1 to 5 (filled symbols) closer to the fracture data. This
data overlap for h' interfaces implies complementarity be-
tween fracture and contact adhesion energetics, consis-
tent with a common mechanism of separation by “crack”
propagation.

Let us now consider each of the interface systems in turn.

(1) Mica-Mica Interface

The fracture and adhesion data shown in Fig. 1 for mica—
mica show several characteristic features. For the fracture
data, there are systematic downward shifts in W in going
from v to h to h' interfaces. Generally, W diminishes

2000

1600

1200

800

400

Adhesion Energy, W (mJ.m’2)

Relative Humidity (%)

Fig. 1. Mica-mica interfaces, virgin (v—triangles), healed (h—
squares), and recontacted (h'—circles), showing adhesion energy
W as function of relative humidity RH. Results for: fracture exper-
iments (open symbols), including data from an earlier study;* con-
tact adhesion from current work (part-filled symbols) and from the
literature® (filled circles). Data points at RH > 100% denote tests
in bulk water. Horizontal dashed line at W = Wi,, = 144 mJ-m™?
denotes work to separate against capillary forces. Curves are theo-
retical fits from Section I'V.
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monotonically with RH, albeit slowly for the h’ interfaces. At
low RH the decrease in W is somewhat abrupt, with consider-
able variability. At high RH the data set for each interface
extrapolates to a level some 100 to 200 mJ-m™2 above the
corresponding value in bulk water, implying the presence of a
capillary.”® For h' interfaces the value of W in bulk water is
close to zero, indicating an almost total negation of in-registry
(v and h) solid-solid interactions by the liquid medium.

Figure 1 also shows values of W obtained in several adhe-
sion experiments, including both current work and that of
Christenson.” Within the scatter, these data agree with the
h' fracture measurements for RH = 50%, but fall below the
capillary energy value for lower RH. As discussed above, this
discrepancy is in part because the value @ = 2 is being used
in Eq. (2) to compute W, while @ = 3/2 is more appropriate at
low RH.”

While our main focus here is on h' interfaces, comparison
with fracture data for h and v interfaces in Fig. 1 yields infor-
mation on adhesion states associated with the intrinsic bond-
ing.%* The upward translational shift from h' to h data sets
over the full range of RH marks the onset of additional at-
tractive long-range forces on bringing opposing solid surfaces
into “lattice” registry. By contrast, observe the comparatively
small shift from h to v data sets, suggesting that entrapment
of water molecules (or other atmospheric species) at the
healed interface is not strongly deleterious to the adhesion
in mica.”

Some additional results on mica—mica interfaces are shown
in Figs. 2 and 3. Figure 2 shows fracture data for h and h’
mica-mica healed interfaces subjected to aging at 120°C
under vacuum prior to fracture, suggesting that aging is inef-
fective in modifying the interface structure in any significant
way or even in dislodging occluded water. Within the scatter,
there is little difference between these data and the h and h'
data in Fig. 1. Figure 3 is for mica sheets acid-treated before
recontact, to form hydrogen mica (H) from potassium mica
(K) surfaces. Fracture data are for H-H and H-K recontacted
interfaces. Also shown are adhesion data for the H-H mica

_interface from the literature.” Again, there is little difference

between these h' data sets and those for the h' fracture of
K-K mica in Fig. 1, suggesting that any residual attractive
force is relatively insensitive to the actual cation species in
the mica interlayer. Once more, it is the capillary that ap-
pears to control the adhesion.

(2) Silica-Silica Interface
Figure 4 for silica-silica shows data for h’ surfaces from
contact adhesion experiments, together with some data for
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Fig. 2. Fracture data for mica-mica, W as function of RH, after
aging healed (h—squares) and recontacted (h’ —circles) interfaces
at 120°C for 20 h. The horizontal dashed line is as in Fig. 1.
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Fig. 3. Fracture data for mica-mica, W as a function of RH, sur-
faces acid-treated before recontact (h'). Fracture data shown are
for hydrogen-hydrogen (H-H, open circles) and hydrogen-potas-
sium (H-K, 0§en squares) mterfaces Adhesion data for H-H inter-
faces, from the literature, - are also shown (filled circles). The
horizontal dashed line is as in Fig. 1.

pure silica and soda-lime glass h interfaces from fracture ex-
periments by Michalske and Fuller.” In these systems, W in
bulk water is essentially zero (actually, slightly negative) for
both h and h' interfaces. Now, however, W shows no signifi-
cant increase with diminishing RH for the pure silica-silica
system, suggesting a dominant capillary term over the entire
data range. It is interesting to note that the comparative h-
interface data for soda-lime glass from Michalske and Fuller*®
lie above their pure silica counterparts. Data for v interfaces
are limited for fused silica, owing to the impractically slow
crack velocities on approaching threshold in moist atmos-
pheres. However, a value W = 8 J-m™? has been obtained in
ultradry nitrogen gas, well in excess of the h and h’ values of
Fig. 4. Thresholds are not so inaccessible in soda-lime glass:
estimates lie in the range W = 1to 5 J- m™23%

By comparison with mica—mica in Fig. 1, the shift from h’
to h data sets for silica—silica is negligibly small, from h to v
(assuming W = 1 to 8 J-m™?) relatively large. This indicates
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Fig. 4. Silica-silica interfaces, showing W as a function of RH.
Data shown are contact adhesion data from present experiments
(filled c1rcles), and fracture data, healed (h—open circles) from the
literature.”® The point at RH > 100% denotes tests in bulk water.
Also shown are data, for healed soda-lime glass (open squares)
from the llterature ® Horizontal dashed line at W = Wi =
105 mJ - m % denotes work to separate against capillary forces, tak-
ing into account the silica wetting angle of 45°.
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saturation of primary siloxane bonds by water molecules® on
first exposure to atmosphere, signifying a considerable nega-
tion of the primary adhesion from chemisorptive interaction
with intrusive water molecules.” There is, however, a moder-
ate h — h’ shift for soda-lime glass, indicating some addi-
tional force associated with the presence of modifier cations
in the glass network.?

(3) Mica-Silica Interface

Figure 5 shows h' mica—silica data from both fracture and
contact adhesion experiments. Analogous h'—v (and thence
h'-h) comparisons are not practicable at present; such com-
parisons would require preparation of chemically bonded
“virgin” interfaces, e.g., by “sintering” the recontacted cou-
ples at temperatures well in excess of the 120°C limit of our
experiments. Sintering studies to 450°C on healed cracks in
soda—lime glass by Stavrinidis and Holloway® have demon-
strated the feasibility of establishing (or re-establishing)
strongly bonded interfaces in ceramic systems.

As was seen with the silica—silica interface, the data in
Fig. 5 for the mica-silica system appear to be dominated by
capillary forces over almost the entire RH data range, with
significant deviation from the capillary value only at very low
relative humidities (RH < 5%). However, considerably
higher values of adhesion energy are observed for the lowest
values of RH in both the fracture and adhesion experiments.
This effect was first seen in the contact adhesion experi-
ments® and has been shown to arise from the transfer of
charge from one surface to the other when the surfaces are in
contact.”’ Because of the strength and long range (several
micrometers) of the resulting electrostatic attraction between
the surfaces, W was measured in the adhesion experiment at
1% RH using the “stiff spring” discussed in Section II(2). The
force between the surfaces was measured as a function of sepa-
ration from contact to separations =3 um, and these data
were numerically integrated to obtain W; three values be-
tween 4.7 and 6.4 J- m™* were obtained for W. These results
represent a lower limit for W, since the force between the
surfaces at the largest separations studied, although small,
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Fig. 5. Mica-silica interfaces, recontacted (h’), showing W as
function of RH. Data are for contact adhesion (filled circles), frac-
ture (open circles), and fracture data on interfaces aged at 120°C
for 20 h (open triangles). Data points at RH > 100% denote frac-
ture and adhesion tests in bulk water. Horizontal dashed line at
W = Wi, = 123 mJ-m™? denotes work to separate against capil-
lary forces, taking into account mica and silica wetting angles. In
addition to the points shown, three measurements were made of
the adhesion energy at 1% RH by integrating the force measured in
the contact adhesion experiment between the surfaces from con-
tact to large separation; these measurements yielded values of W of
4700, 4700, and 6400 mJ - m™2 (off-scale, but denoted by the arrow).
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was still measurably nonzero. All other adhesion data in
Fig. 5 were obtained by making pull-off measurements with
the standard “weak-spring” technique, also discussed in
Section II(2). More details of these measurements will be pre-
sented elsewhere.”’

The inclusion in Fig. 5 of W fracture data at low RH from
aging cycles on mica-silica h’ interfaces in dry environments
again reveals no detectable differences from comparative data
for unaged interfaces.

IV. Analysis and Discussion

We have presented results on interface energies for mica
and silica in dry and moist atmospheres, like and unlike solid
interfaces, using both adhesion and fracture experiments. In
attempting to draw general conclusions from the data in the
preceding section, we find it convenient to identify contribu-
tions to the adhesion®**’ from the primary bonding (B),
macroscopic electrostatic domains (El), and van der Waals
(vdW) forces, as well as from capillary condensation (Lap),
building on an earlier analysis.” We acknowledge that dis-
tinctions between these terms, especially primary (ionic) and
electrostatic (charge domain) attractions in mica, are some-
what arbitrary, but they serve as a basis for analysis. Insofar
as the different forces act independently, we may write the
net adhesion energy as

W =Ws + Wog + Waw + Wiap 3)

(1) Evaluation of Adhesion Energy Contributions

Of the terms in Eq. (3), that due to capillary condensation,
Wiap, is the most straightforward to evaluate.”® Consider the
crack interface in Fig. 6. The profile is defined by the separa-
tion Y(X) at coordinate X along the interface, with Y = b,
the lattice spacing (distance between cleavage-plane atom
rows) at X = 0. Within the cylindrical meniscus of radius r a
negative Laplace pressure acts to close the crack walls:

Y
pLap = —:X (4)

where yy is the surface tension of water. The radius is given
by the Kelvin equation

Yiv¥m

"= ¥T 1o (I/RH) ©)

with vy = 0.030 nm® the molecular volume of water, k Boltz-
mann’s constant, and T the absolute temperature. For an
equilibrium crack the appropriate adhesion energy is deter-
mined as the work to separate the two surfaces against the
Laplace pressure®

Yk

WLap = pLap(Y) dy (6)
by

A
>

Fig. 6. Schematic representation of open crack or outer gap at
crack interface between two lattice planes of initial separation bo.
Capillary with Kelvin radius r and contact angles 6; and 6, are
indicated. (X, Y) denote crack-plane coordinates.
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with (ignoring crack-plane curvature)
Yk = by + r(cos 8, + cos 6,) (7)

the atom-plane separation at the meniscus. Substituting
Egs. (4) and (7) into Eq. (6) yields

Wiap = yiv(cos 8; + cos 6) 8)

This contribution is included as the dashed horizontal lines in
Figs. 1 to 5, using yrv = 72 mJ-m"? for water, 8 =~ 7° (mica)
and 6 =~ 45° (silica) from independent contact angle measure-
ments. Of course, W, is zero in a bulk liquid environment.

Thus, whereas W in Figs. 1 to 5 generally falls monotoni-
cally with moisture content, this trend is barely perceptible
for the h' (recontacted) interfaces. In the limit of wet atmos-
pheres (RH — 100%) the h' data, regardless of the specific
solids on either side of the interface, or of any aging or chemi-
cal treatment of the constituent surfaces, tend closely to the
dashed W, lines. Recall that in bulk water, W for these same
h’ interfaces is close to zero. The implication is that any in-
trinsic solid-solid interactions are effectively screened out by
the liquid condensate that fills the crack,” so that at
RH = 100% capillary forces provide the dominant source of
adhesion.

In the opposite limit of dry atmospheres (RH < 5%), the
h' adhesion energy in the untreated mica—-mica system of
Fig. 1 and the mica-silica system of Fig. 5 increases sharply.
(Lack of data in this low RH region precludes a similar con-
clusion being drawn for the systems in Figs. 2 through 4.)
High adhesion energies in these “inert” environments are as-
sociated with the intrinsic terms Ws, Wg;, and W, 4w. For inter-
mediate humidities, the radius of the meniscus increases with
increasing RH and the air—-water interface moves from the
crack tip toward the saturation configuration, as depicted in
Fig. 7. Solid-solid attractions prevail over that portion of the
crack interface outside the meniscus, and so diminish pro-
gressively as RH increases, as reflected most strongly in the
virgin (v) and healed (h) mica-mica data of Fig. 1. Thus we
need to evaluate the intrinsic adhesion in terms of a capillary
screening model.

(A) van der Waals Contribution: The simplest of the
three intrinsic adhesion terms is the contribution from van
der Waals forces. This contribution is insensitive to lattice
coherency, and is therefore the same for all interface types
(v,h,h’) in Figs. 1 to 5. The force-separation function for a

ﬁ ﬁ ﬁ ﬁ ﬁ 100%

Crack tip

Fig. 7. Schematic showing how capillary fills crack at increasing
RH. Within capillary, interaction governed by solid-liquid—solid
forces (open arrows); outside capillary, by solid-solid forces (solid
arrows). Liquid medium effectively screens forces, so interaction
energy diminishes with increasing RH.
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unit area of interface is of the form

H

pww(Y) = P

®

where H is a Hamaker constant.’’® Now the Hamaker con-
stant depends on whether X in Fig. 6 lies to the left (Hsys,
solid—vapor—solid) or right (Hs.s, solid-liquid-solid) of the
meniscus. In conjunction with Eq. (7), the work to separate
the gvo surfaces from an initial hard-wall spacing at Y =
b(] is

0

Waw = | puaw(Y)dY
bo

™® Hgis

bo 6’TTYv3

w
H SVS

Yk 6’)’1‘Y3

Y + dy

1
= Wiwil —
dw{ [1 + r(cos 8; + cos 02)/b0]2}

1
[1 + r(cos 8, + cos 92)/170]2} o

+ W?dw{

with W\?dW = H5V5/121rb§ and W\}dw = H5L5/121rb§ the limits
for interactions in air (RH — 0, r — 0) and liquid (RH — 1,
r — ), respectively. From evaluations of these limiting solu-
tions using the Hamaker constants in Table 1,*® in conjunction
with the Kelvin relation in Eq. (5) and the values b, = 0.34
and 0.41 nm for mica and silica, respectively, Eq. (10) corre-
sponds to a maximum value W,qw = 5 mJ-m 2 over the data
range RH = 1% to 100% for the systems in Figs. 1 to 5, i.e., a
comparatively small contribution.

(B) Primary Bonding and Electrostatic Contribu-
tions: The remaining terms in Eq. (3) which must dominate
W for virgin interfaces require more detailed consideration.
We consider these for the different solid—solid systems below.

Like Surfaces: We treat first interfaces between like
solids, using mica—mica as our reference baseline. In musco-
vite mica the cleavage-plane bonding is principally ionic. It
arises from Coulombic forces between positive interlayer
potassium cations (or exchanged hydrogens) and negative
sublayer charge from 1/4 occupancy of aluminum for silicon
in adjacent silicate tetrahedra sheets.’>**-% At this stage, let
us assume that the potassiums are somehow “correlated” with
the subsurface aluminum ions, and that the latter are stochas-
tically distributed through the available sites. At the closed
virgin interface, the potassium ions are recessed into hexago-
nal rings of oxygens. Upon separation, they attach to one or
the other wall, depending upon the aluminum distribution.
An array determined by a random number generator al-
gorithm is depicted in Fig. 8. The resultant configuration is
one of two surfaces with attractive +/— charge cell clusters
on opposite surfaces. The form of the force-separation func-
tion per unit area of mica interface from such Coulombic-cell
interactions has been analyzed in the literature.”®** Those
analyses specifically consider a square checkerboard pattern
with domains of linear dimension ¢ and charge density o. The
function may be written (Appendix)

3202 V2aY
Pl77%

Pe = 1)

Teey

with & the dielectric constant of the intervening medium and
& the permittivity of free space.

Now consider the intrusion of a capillary (Fig. 6). The ap-
propriate dielectric constant in the force function of Eq. (11)
depends on whether X lies to the left (¢ = &v, vapor) or right
(¢ = €1, liquid) of the meniscus. Assuming that the only ef-
fect of the water is dielectric screening of the Coulombic
forces, the work to separate the two virgin surfaces against
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Table I. van der Waals Contribution to Interface Energy’
Solid—fluid-solid

Hamaker constant Interaction energy
0y mJ-m™%)

system (x1
Mica-air—-mica 100 48
Mica-water—mica 22 10
Silica—air—silica 65 31
Silica-water—silica 8.3 4
Silica—air-mica 78 37
Silica—water-mica 10 5

*Using be = 0.34 nm for mica and 0.41 for glass in Eq. (11)." Hamaker
constants from Ref. 38.

the forces in Eq. (11) is, for 6, = 6, = 0 in Eq. (7),

o

WB= pB(Y)dY
bo
2 Yk
_ 3220 I exp(_\/ﬁwy)dy
T ELEQ by f
202 (° 2V2nY
+ 320 I exp(— ﬂ-)dY
T EvEy Jyx ¢
16V2 0% V2 mhy
=T 5, P\
T &
[1 (1 1) ( 2\/2_7””
X|—+|——-—]exp| -
EL gy &L 4
2V2
= Wi+ (WS — W) exp(— ; "’) (12)

where W3 = (16V2 0% /megev) exp(— V2 who/€) and W =
(16V2 0% /meseL) exp(— V2 wb,/€) correspond to the limit-
ing solutions for solid—solid interactions in inert atmosphere
(RH — 0, r — 0) and liquid (RH — 1, r — ), respectively.

Evaluations of W = W(RH) in Eq. (3) are made for the
mica—mica virgin (v) interfaces in Fig. 1 using W .,, Wew, and
Wz from Egs. (8), (10), and (12), with r = r(RH) from Eq. (5).
At this stage we have implicitly assumed that the distribution
of potassium ions on each surface is random, so that there are
no electrostatic interactions from macroscopic charge do-
mains, i.e., Wg = 0. The upper, solid curve is an appropriate
fit to the v data, with the adjustments ¢ = 0.89 nm, W3 =

Fig. 8. Schematic of mica surface, showing distribution of potas-
sium ions on a mica surface, as determined by a random number
generator.
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3020 mJ-m™2 and W§ = 450 mJ-m~? in Eq. (12). Assumin
ey = 1.0 for air, along with by = 0.34 nm for mica, we use W
and ¢ to estimate a charge density o = 0.47 C-m™?, or =3
excess electronic charges per domain. The values of ¢ and o
appear to reflect the characteristic dimension and charge den-
sity of the potassium ion clusters in Fig. 8. However, the ratio
Wg/Wh = e /ey = 6.7 implies e, = 6.7 for the water within
the capillary, which is low relative to the accepted value of
78 for bulk water. Noting the rapid falloff in the W(Y') energy
function in Eq. (12), corresponding to a factor of 2 reduction
for opening displacements of less than one half the lattice
parameter by, this result could reflect a demonstrably strong
solvation of water molecules at narrowly separated mica—mica
surfaces.”

For healed-coherent (h) interfaces, Wy is simply diminished
by an amount equal to the work to form an occluded layer, a
“fault” energy, ys.'**® The dashed line in Fig. 1, obtained by
translating the solid curve downward to fit the mica-mica h
data, corresponds to y, = W§ — Wl = 215 mJ-m™2. Hence
the occluded layer only partially screens out the solid-solid
ionic interaction, indicating a relatively weak adsorption en-
ergy for water on mica surfaces.

For healed-misregistered (h') interfaces, where opposing
cleavage halves are mutually rotated through an angle ¢, the
ionic bonding term in the adhesion is strongly influenced by
charge-cell overlap. The force and energy in Egs. (11) and (12)
are then modified by a dimensionless angular factor H(¢) < 1
(Appendix). A rotation through an angle ¢ > ¢/L, L a char-
acteristic specimen dimension, effectively renders the
prospect of encountering like and unlike charge cells at any
point across the interface equally probable, in which case we
should expect the Wp term in the adhesion to be negated (Ap-
pendix). For our h' interfaces (Section II), the experimental
rotation angle =10° is indeed well in excess of ¢ = ¢/L =
1 nm/10 mm = 6 X 107° degree evaluated from the above es-
timate of the cell size. But the h’ fracture data points in
Figs. 1 to 3, particularly those below RH = 10%, do not re-
duce exactly to the dashed W = W, line. The residual incre-
ment W — Wy,,, however small, is more than can be
accounted for by van der Waals forces.

This last discrepancy could be explained if the charge dis-
tributions in Fig. 8 were to be subject to long-range fluctua-
tions, such that there exist macroscopic “super-domains” of
characteristic dimensions ¢ = L. Such domains would mani-
fest themselves as the electrostatic component Wg, in Eq. (3).
For rotations of =10° and specimens of dimension =10 mm
(Section II), we would need a domain size of £ = 1 mm (Ap-
pendix), and corresponding charge density o =~ 0.3 mC-m™
(i.e., orders of magnitude smaller than for the short-range
cluster in Fig. 8), in Eq. (12) to account for our h' data.
Charge domains of this scale have in fact been measured with
electrostatic probes on fresh mica cleavage surfaces.’ There is
also direct evidence, from reversible surface “decoration” ex-
periments' before and after exposure of cleavage surfaces to
water, that such fluctuations are intrinsic to the mica struc-
ture. They have been attributed to some form of “locked-in,
long-range correlations” in the aluminum/silicon ion positions
in the mica sublattice.* Distinctive manifestations of a
macroscopic domain configuration are the highly erratic
crack extension in mica in dry conditions (Section II(2)) (re-
flected in the wide scatter in data at RH — 0 in Figs. 1 and 5)
and triboluminescent emissions in fast fracture.>>* It is inter-
esting to note that analogous charge domain structures have
been observed in the cleavage of other silicate minerals under
ultrahigh vacuum.*

For silica-silica interfaces, the strongly covalent nature of
the siloxane bond precludes much of the long-range effect just
described. As indicated in Section III, chemisorptive surface
interaction with intrusive water molecules is highly effective
in negating the W term in Eq. (3). The fact that the adhesion
energies for h as well as h' interfaces reduce to a level virtu-
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ally coincident with W = W{,, in Fig. 4 further implies that
the Wg term must also be zero for pure silica—silica inter-
faces. For soda-lime glass, on the other hand, the h data lie
somewhat above W = W,,, suggesting that structural co-
herency is a factor. In this latter instance, the Na* or Ca**
modifier cations may play a role similar to that envisaged
above for the disordered cations in the mica sublattice. Those
cations which intersect (or migrate to) the fracture surfaces
may be solvated by intrusive water and thereby augment the
adhesion by “cationic bridging.”?

Unlike Surfaces: In the mica-silica system at low RH, a
very strong electrostatic component to the adhesion is ob-
served after the surfaces have been brought into contact that
is completely absent on the first approach to contact. This
electrostatic attraction is quite different from that described
for the mica—-mica system; it is not the result of “locked-in”
charge domains within the surface, but rather is transitory,
arising from the transfer of charge from one surface to the
other. This transfer results in a charge double layer at the
interface which must then be separated when the surfaces are
pulled apart; the energy required to separate the charged lay-
ers becomes the dominant contribution to W for RH < 5%.
Although this effect is seen clearly in both the fracture and
adhesion data in Fig. 5, it is in the adhesion experiment that
direct measurements of the amount of charge transferred and
the resulting force between the surfaces have been made. The
remainder of this section will therefore focus on results from
the adhesion experiment.

Transferred charge densities in the range 5 to 10 mC -m~
have been observed in the contact adhesion experiments,31
the silica becoming negatively charged relative to the mica.
These densities are higher than those normally observed on
an insulating surface as a result of contact with a dissimilar
material,* primarily because the smoothness of our silica and
mica surfaces allows good microscopic contact at the inter-
face. The charge double layer results in an attraction between
the surfaces on the order of 10 MPa for very small (<100 nm)
separations, comparable to that observed between parallel
capacitor plates carrying the experimentally measured
charge densities. This attractive force has a range of several
micrometers.

The “lifetime” of the surface charge is a strong function of
relative humidity. Measurements with the electrometer
(Section III(3)) show that at RH = 1% the charge decays
roughly exponentially with a time constant of 5 x 10* s;* an
increase in RH to 11% lowers the time constant by almost 2
orders of magnitude, to 650 s. This rapid dissipation at all but
the lowest humidities explains the precipitous drop in the ob-
served adhesion energy in Fig. 5 for RH > 1% to 2%; the
charge decays away in the time it takes for the crack to reach
its equilibrium length (or, conversely, the decay rate deter-
mines the time for the crack to reach a new equilibrium).
Like the silica—silica system, the adhesion in humid environ-
ments is then dominated by capillary condensation, as is
clearly demonstrated by the data in Fig. 5.

2

(2) Applications to Materials Systems

Let us finally consider the potential relevance of the above
results to material systems. We have noted a significant re-
duction in adhesion between virgin (chemically bonded) and
recontacted (physically bonded) interfaces, typically with
an order-of-magnitude drop in W. We cite the following
examples:

(i) Coating/Substrate Junctions. The issue of decohesion is
crucial to the mechanical (and other) performance of coatings
and thin films. The integrity of a coating that begins to de-
laminate from an unlike substrate may not be severely com-
promised if charge transfer occurs across the interface. A
relatively strong adhesion would then prevail as long as the
delamination process were not so severe that the interface
becomes accessible to water vapor.



674 Journal of the American Ceramic Society — Wan et al.

(il Ceramic-Matrix Composites. The toughness properties
of ceramic-matrix composites are governed in large measure
by the energetics of interfaces, e.g., at fiber—-matrix pullout*t
or grain—grain facet sliding boundaries.’ In those instances it
is not the intrinsic primary chemical forces that determine
the ultimate toughness (provided those forces are not too
strong that debonding is precluded), but rather the extrinsic
frictional forces that control frictional sliding stresses on en-
suing fiber or grain pullout. Adhesion forces of the kind de-
scribed for recontacted interfaces above could play an
important role in determining these frictional forces, espe-
cially in cases where the contacting surfaces are smooth.
These same forces could be augmented by the buildup of
transferred charge in dry environments, and by the presence
of any strong residual compressive stresses that act to main-
tain the sliding surfaces in close contact. On the other hand,
access to moisture or other interactive species could wash out
much of the interaction, in which event the adhesion is con-
trolled by capillary rather than by solid properties.

(iii) At solid—solid contacts in tribological processes, ad-
hesion forces may enhance frictional tractions and therefore
play a role in the processes of deformation that control fric-
tion and wear properties. Events at the sliding interface may
be especially disruptive if the accumulation of charge trans-
fer, accompanied by fractoemission (“triboluminescence”),
occurs.”

V. Conclusions

We have investigated the factors that contribute to the inter-
face energy of specific like (mica—mica, silica—silica) and un-
like (mica—silica) solid—solid interfaces in the presence of wa-
ter vapor, using brittle fracture and contact adhesion
techniques. Particular attention has been paid to interfaces
formed by recontacting fully separated surfaces. In those
cases the data from the two techniques overlap, within exper-
imental scatter, indicating a complementary process of sepa-
ration by “sharp-crack propagation.”

Comparison of the results for recontacted interfaces with
those for virgin and healed-coherent interfaces enables us to
distinguish contributions to the adhesion from primary (ionic—
covalent) bonding in the virgin structure, electrostatic inter-
actions from macroscopic charge domains, van der Waals
forces, and capillary forces from condensed moisture at the
near crack tip. For recontacted interfaces in dry atmospheres
the electrostatic component, associated with short- and long-
range macroscopic charge domains on the opposing surfaces,
dominates the adhesion. At mica-mica interfaces, the do-
mains are attributable to disordered cations (aluminum) in
the substructure, so that the charge state is “locked in” and
reversible. At mica-silica interfaces, an even greater electro-
static interaction (relative to h' mica—mica) arises from whole-
sale transfer of free charge across the interface. In moist
atmospheres capillary condensation acts to screen out or neu-
tralize the electrostatic and primary bonding components, so
that, at recontacted interfaces in saturated atmospheres, the
capillary term is the only significant contribution.

The relevance of the adhesion states at virgin and recon-
tacted interfaces to certain ceramic properties has been dis-
cussed.

APPENDIX

Electrostatic Attraction between
Two Misoriented Checkerboards

The eclectrostatic attraction between two opposing mica
surfaces with charge domains was first proposed and calcu-
lated by Bryant, Taylor, and Gutshall.® Here we extend the
calculation to include the vector nature of the electric field
and domain misorientation.
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Consider the simple square charge domain structure at the
lower, infinite “checkerboard” in Fig. Al. Each domain has
sides of length ¢, and charge density +o. The electric field at

a field point (X, Z,Y) resulting from charges at source points
(X',Y',Z')is

. 4o = (=1 ﬂ
E(X,Z)Y) = ?—
( ) 7T3880 m, p 0 am

Z’
X COS (Tm’;X ) cos (ng )dX dz’

(A-1)

where a, = 2m + 1, b, = 2p + 1, [R|* = (X' — X)* +
Y -Y)yY+(Z - Z) w1th m and p integers. Integration
yields the following:
E
EX B 80’ © (_1)m+p
E)Zz g mp=0  Ambp
[ a, (Tra,,,X) (Wpr)
— si cos
Amp ¢ €
an ( X) , (wbpz)
X |— cos sin
Amp ¢ ¢
cos 7'ra,,,X) S (wbpz)
¢ ¢
AmpY’
x exp( - ) (A-2)

where A%, = a% + b}.

Now, a similar, but finite, checkerboard of size L. X L is
located parallel to the infinite board at distance Y with do-
mains of opposite signs facing each other. If the domains
are rotated through an angle ¢ about the central axis (keep-
ing the board edges fixed), the new in-plane source coordi-
nate system for the charge density function o becomes
(X4, Z ) where

Xy _ c.os¢> sin ¢ || X (A3)
Z, —sin¢ coso¢||Z
The force per unit area between the two misorientated
boards is therefore

f(X,Z,Y,¢) = 0(Xs, Z4,8) E(X,Z,Y)

160 o ( )"*”
2 b,
kn=0 @k

[WTW(X cos ¢ + Z sin ¢)]

X cos [”7“‘(—)( sin & + Z cos qS)]E(X, ZY)  (A-4)

wherea, = 2k + 1,b, = 2n + 1, with k and n integers. (N.B.)
Equation (A—4) includes the vector character of the force,
which was ignored by Bryant et al. The net force per unit area
between the two boards is

B(X,Z,Y,$) = 1 ﬂ -~ f(X,2,Y,$) d4 (A-5)
p”’_Lz -L2 T

where d4 = dX dZ is an element of the surface area of the
finite board. Since (cos (aX) sin (X)) = 0 for any X, the X
and Z components of p vanish (px = pz = 0). The resultant
force-separation function for the boards is

(Y, ¢) = pu(Y,¢)

200 2 A,
- 3 7 z Hknmp(¢) CXP( pY)

77'880knmp0 [4

(A-6)
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Fig. Al. Charge domains of opposite signs (shaded for negative, open for positive) arranged in a checkerboard pattern on an infinite board
(lower) and a finite board (upper) of size L x L. The size of each domain is ¢ X ¢. The axes of the domains on the upper board, originally
aligned with the board axes (X,Y), are rotated by an angle ¢ to (X,,Y,) about a central axis.

where

L2 (_1)k+n+m+p

4
-y
g P(d)) LZ -L2 akbnambp
msz) cos (wb,,Z)
4 ¢

X COS [wT(f'"(X cos ¢ + Z sin ¢)]

XCOS(

b, .
X COS [WT(—X sin ¢ + Z cos d))} dXdz

(_ k+n

SC) i+ B - el

alab,

+ Jjolla + B + y)é]}
X {jolla = B = v)E] + Jjol(a — B + y)E
(A-T)
and a = may cos ¢, B = wh, sin ¢,y = wa,,, £ = L/¢, with
Jo(x) the Oth-order spherical Bessel function (i.e., jo(x) =

(sin x)/x).
The interfacial energy is found by integrating py from b, to

infinity,
R20% 2

3
mEEY k,n,m,p=0 )\mp

Hknmp(d))

Wa(d) = eXP(— %ngbo) (A-8)

This series converges rapidly due to the presence of the expo-
nential term, so only the first termwithk = n=m = p =0
is important, i.e,

3202 V2
pB<Y,¢)zH<¢>L2 Oexp(— ”Y)]

ge 4
= H(¢) ps(Y,0) (A-9)
Wald) = H(9) [%%"Te exo - “bo)]
= H(¢) Ws(0) (A-10)
where
H(¢) = Hoow(¢)
= {jol(cos ¢ + sin ¢ — 1)7wé]
+ jol(cos ¢ + sin ¢ + 1)wé]}
X {jol(cos ¢ — sin ¢ — 1)mwé]
+ jol(cos ¢ — sin ¢ + )wé]} (A-11)

Thus the dependence of both the force separation function
and the interfacial energy on the misorientation angle ¢ is
governed predominately by the function H(¢). Plots of H vs ¢
are shown in Fig. A2 for ¢ = 5 and ¢ = 20. Note that H
drops rapidly once ¢ deviates from ¢ = 0. The angle when H
first drops to zero for a specific ¢ is denoted by ¢* Figure A3
plots ¢* vs & For ¢ = 0, H(¢) = 1, Egs. (A-9) and (A-10)
give us Egs. (11) and (12) in the text.
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Fig. A2. Plot of H(¢) vs ¢ for ¢ = 5 and & = 20.
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