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Abstract This work probes a hypothesis for predict-
ing a critical stress associated with of environmental
stress cracking (ESC). The hypothesis is based on a
thermodynamic criterion for localized swelling induced
by stress on the polymer. The surface-active liquids
chosen for study are oleic acid and dibutyl phthalate
and the polymer is polycarbonate (PC). An experi-
mental technique involving contact angle measure-
ments of a sessile drop as a function of stress is used to
probe the hypothesis. A new method for measuring
contact angle using refraction is also introduced. No
significant change in contact angle as function of stress
is observed in either system, though the kinetics of
craze initiation and inelastic strain at craze initiation
do show a shift in response to stress at levels similar to
those predicted by the hypothesis.

Introduction

A glassy polymer exposed to certain surface-active
agents while under moderate stress may develop crazes
and subsequently fail prematurely in an apparently
brittle manner, a phenomenon commonly referred to
as environmental stress cracking or crazing (ESC).
Close examination of the crazed regions of the polymer
show that highly oriented drawn or fibrillated regions
evolve locally, that over time, develop into cracks and
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subsequently cause brittle failure. Crazes are typically
between 100-1000 nm in thickness and the elongated
material within the craze may be fibrillar [1] or simply
regions of highly drawn material [2]. It is generally
believed that crazes initiate because a surface-active
agent locally plasticizes the polymer thereby causing a
local reduction in glass transition temperature (7,)
leading to premature yielding and plastic flow.

A hypothetical crazing mechanism proposed by
Gent, and further investigated by Mai and Yee [3-6]
states that the uptake of the surface-active liquid into
the polymer, and resulting plasticization, is stress
activated. Specifically, stress induced swelling is pro-
posed to occur because the dilatational component of
the applied tensile stress increases the equilibrium
volume fraction of surface-active liquid in the polymer.
It is further proposed that the liquid molecules are
generally small enough that the volume they displace
can be considered equivalent to added free volume in
the glassy polymer. At some critical hydrostatic stress
the free volume increases enough that the polymer
transitions from a glassy to a rubbery state. Gent
suggests that asperities at the polymer surface lead to
local stress concentrations thereby causing locally high
hydrostatic tension, which become preferential sites for
localized swelling and subsequent craze development.

The Gent hypothesis qualitatively accounts for some
commonly observed characteristics of ESC: (i) Hydro-
static compression tends to prevent the onset of
crazing. (ii) The critical crazing stress is temperature
dependent and decreases as T, is approached. (iii) The
tensile stress at which crazing occurs when a surface-
active liquid is present is much reduced, and the liquids
tend to have solubility parameters similar to, but less
than the polymer, such that they are not fully
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compatible solvents or fully incompatible non-solvents.
The form of the proposed model predicts a critical
dilatational stress at which the swelling is unbounded
[3]-

The intent of this study is to investigate whether the
critical dilatational stress embodied in the Gent
hypothesis can be observed by a change in the
thermodynamic interaction between the liquid and
polymer with respect to the hydrostatic stress state.
The thermodynamic indicator chosen is the three
phase contact angle of a sessile drop of the surface-
active liquid on a polymer substrate. Figure 1 shows
the sample geometry and the equilibrium balance of
surface energies as described by Young’s equation
(Eq. 1). If the unbounded swelling transition can be
observed as a change in contact angle the testing
procedure would avoid the need to wait for the kinetics
of the crazing event to occur to indicate susceptibility
to ESC for a given liquid-polymer system.

To observe an equilibrium contact angle that accu-
rately reflects the solid-liquid (ysr), solid—vapor (ysy),
and liquid vapor (yLy) surface energies it is necessary
to minimize the distortion of the sessile drop by
gravitational forces and inertial forces. Useful quanti-
tative criterion [7] are that the sessile drop diameter
should be much smaller than the capillary length, [y;v/
pg]'?, and the capillary velocity [U,/yLy]) of the three
phase line, should be much less than 107,

. AG
Jim ﬁ =0=ys. —ysv + 7Ly cos 0 (1)

AA—0

Typical ESC agent/polymer combinations have sim-
ilar solubility parameters and thus low contact angles
of approximately 15° or less. Conventional techniques
of measuring contact angle using a microscope and
goniometer have error in the range of +2° to +5° due
largely to the subjective nature of choosing the tangent
line at the sessile drop edge [8]. A precise and objective
measurement method was needed that could be used

Ro

Fig. 1 Sample geometry showing sessile drop on substrate and
balance of surface energies described by Young’s equation
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Fig. 2 Plot of Gent’s generalization of the Flory-Huggins
equilibrium swelling relationship for a physically cross-linked
network showing solvent volume fraction versus hydrostatic
stress for level curves of y

in-situ during a tensile test experiment. The approach
adopted was to use the refraction of a LASER through
the lens of the sessile drop. This is a new method of
measuring contact angle inspired by a method used by
Langmuir and Schaeffer in which the angle of total
specular reflection of a point source was measured at
the sessile drop edge [9], and a remark by deGennes in
his review of the statics and dynamics of surface
wetting in which the reflection or deflection of light
through the lens of the sessile drop is suggested as an
appropriate method for very small contact angles [7]. A
related technique involving reflection and refraction
was also used by Rondelez et al. for measuring small
contact angles [10].

Theoretical
Gent hypothesis of stress induced swelling

Gent’s hypothesis proposes that there is a critical
hydrostatic stress at which the polymer undergoes a
glass to rubber transition as indicated by Eq. (2) [3]. If
we consider the polymer as a physically entangled
network then the equilibrium swelling of the network
by a solvent can be described by the Flory—Huggins
relationship [11]. This relation ship takes into account
the entropy and enthalpy of mixing and the elastic
strain energy and is described by the left hand side of
Eq. (3) while the right hand side term describes the
effect of the applied hydrostatic stress ¢j. ¢, is the
volume fraction of polymer, y is the polymer-solvent
interaction parameter, V1 is the molar volume of the
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solvent, p, is the polymer density and M. is the
molecular weight between cross-links.
¢ _ (T —T)(ox — )

0ji = Cr . Cg (2)

In(1 = ¢,) + by + 13 +

Vitp, 1 0% . oi V1"

Figure 2 shows plots Gent’s generalized Flory—
Huggins relationship between hydrostatic stress and
the volume fraction of solvent in a polymer for the
cases of a compatible liquid with y < 0.5, and relatively
incompatible liquids with y > 0.5 The level curve of
z = 0.5 predicts that a compatible liquid (solvent) will
swell the polymer rapidly with no applied positive
hydrostatic stress. The level curves for y > 2 predict
that the polymer will swell only slightly as hydrostatic
stress increases until a critical stress level (of) is
reached and at this critical level swelling becomes
unbounded. As the incompatibility between the sur-
face-active liquid and polymer, represented by yx
increases, more hydrostatic tension is needed to allow
swelling. For example: as y increases from 2 to 3 of
increases from ~15 MPa to ~30 MPa.

A valid criticism of Gent’s hypothesis is that in the
original derivation of the Flory-Huggins relationship
assumptions were made that there are no preferential
interactions between the solvent and solute and that the
solvent molecule and polymer chain segment are of
similar size. In the dilute solution regime contemplated
by Flory—Huggins the disruption of entropy due to these
preferential interactions is small enough that it is
considered negligible however, this may not be true for
a small molecule swelling a polymer network, and in the
case of swelling a network the polymer chain segment is
generally larger than the solvent species. Regarding the
problem of size mismatch it should also be noted that
Gent [12] and Treloar [13-15] both have used the same
approach to successfully model equilibrium swelling of
lightly cross-linked rubber networks by small homolo-
gous alkanes so the difference in size is probably less
significant than the presence of specific interactions
between the polymer solute and solvent species.

Experimental
Contact angle by refraction

The refraction technique is based upon the refraction
of a laser beam through both a polymer substrate and

lens of the sessile drop and the dry polymer substrate
as shown in Fig. 3. The difference in refractive indices
of the liquid and the surrounding vapor phase causes
the transmitted light to diverge into two paths. The
angles o, f§, and the refractive indices of the gas (ny),
and the liquid (n,), can be used to calculate the three
phase contact angle (0) according to Eq. (4).

nq(sin f — sina)

T (4)

2 2
ny (1 - (Z—;) sin2a> —nysinf

The experimental device is shown schematically in
Fig. 4. The substrate material is held in a horizontal
fixture upon which a mechanical stress can be introduced
with a mass or other mechanical testing system. Once a
drop is applied, the transmitted light incident on the
vertical detector is photographed using a CCD camera.
The resulting images are used to determine the dimen-
sions Z, and Zg. Subsequently, the angles « and f may be
calculated from the X, Z, and Z; measurements. An

tanf =

Fig. 3 Schematic of refraction geometry showing refraction of
incident LASER through sessile drop lens and substrate material

CCD camera

s

T =» Thermocouple Gag in
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Dessicant or saturated salt solutior

Fig. 4 Schematic of refraction device showing tensile sample,
sessile drop, means of applying load, environmental enclosure,
detector and LASER source
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Fig. 5 Gent hypothesis prediction of critical hydrostatic stress
for unbounded swelling for (a) oleic acid-polycarbonate and (b)
dibutyl phthalate systems using y as estimated from solubility
parameter differences and the Hildebrand—Scatchard equation

enclosure around the sample ensures protection from
airborne particles and gives the ability to control the
nature of the vapor phase. An Schaevitz EC-250-DC
LVDT is used to monitor the strain condition of the
tensile bar, temperature is monitored using a K type
thermocouple, and an Honeywell HIH 3610 relative
humidity sensor is used to record the relative humidity of
the vapor phase.

Materials

The substrate used was a 0.25 mm thick polycarbonate
(PC) film purchased from McMaster Carr. M, is
~11,000 g mol™, p is 1.2 g cm™, ygy is 42.9 mJ m™? at
20 °C [16] and  is in the range of 20-21 MPa'? [17].
Polycarbonate samples were cut into standard ASTM
638 Type 1 tensile bars insuring that the machine
direction was parallel with the direction of applied
stress. The roughness of the PC substrate was charac-
terized using a profilometer: perpendicular to the
machine direction the arithmetic average roughness
(R,) was 44.8 nm and parallel to the machine direction
R, 1s 57.0 nm. The surface-active liquids, oleic acid and
dibutyl phthalate, were chosen based on their solubility
parameters relative to the PC substrate, comparable
molecular weights, and low vapor pressures, which
renders evaporation of liquid from the sessile drop
negligible at standard conditions of temperature and
pressure. Oleic acid is a monounsaturated lipid with
MW of 282.47 g mol™!, pis 0.8,634 g cm™, yy at 20 °C
is 33 mJ m™ +0.64 and J is 15.6 MPa'? [17]. It is not a
solvent or strong swelling agent for PC. In contrast,
dibutyl phthalate is a plasticizer with MW of
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27834 g mol™, p is 1.047 g cm™, y.y is 34 mJ m™2 at
20 °C and ¢ is 20.2 MPa'? [17]. It can be expected to
swell PC spontaneously.

The polymer-solvent interaction parameter y can be
estimated from the solubility parameters of the two
materials using the Hildebrand-Scatchard relationship
described in Eq. (5) where y; is an empirical parameter
representing the entropic component of y taken as
approximately 0.35, and the term involving the differ-
ence in solubility parameters represents the enthalpic
component of y [17]. VT" is the molar volume of the
solvent, ¢ is the solubility parameter for the solvent,
and ¢, is the solubility parameter of the polymer.

Vi3 — 8,)°
e T (5)

Figure 5(A) and (B) show the Gent hypothesis
predictions of solvent uptake for the oleic acid-poly-
carbonate and dibutyl phthalate-polycarbonate sys-
tems. The predicted range of critical hydrostatic stress
for oleic acid-polycarbonate is between 3.14 MPa and
15.33 MPa, and for dibutyl phthalate-polycarbonate is
approximately 0-100 KPa.

Procedure

Contact angle, temperature, relative humidity, and
strain were observed for five axially loaded tensile
specimens for each of six discrete hydrostatic stress
levels between 1 MPa and 13 MPa. The substrate
surface was cleaned using a Chem-wipe lightly satu-
rated with ethanol, then wiped dry with a fresh Chem-
wipe and allowed to dry completely. The substrate film
was clamped in the horizontal fixture, the LVDT set to
the null position, and the LabView data collection
system initated. At 30 s the mass was applied to the
free end of the fixture resulting in a uniaxial stress on
the substrate. After the load was applied a 1 uL sessile
drop of oleic acid was applied to the middle of the
gauge length using a micrometer syringe. This
sequence is used to avoid affine deformation of the
sessile drop. This volume resulted in a sessile drop of
approximately 5 mm diameter, well below the capillary
lengths for oleic acid and dibutyl phthahlate. The
0.10 mW, 640 nm Type II LASER source had been
previously adjusted so that the incident beam was
normal to the tangent edge of the sessile drop viewed
from above. A CCD camera collected images of the
refraction at intervals of 300 s beginning at the time of
deposition. The X dimension was measured at 300 s
and at 1,800 (oleic acid) or 3,600 (dibutyl phthalate)
seconds. Typically AX was approximately 0.5-1 mm
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Table 1 Estimate of maximum error (E,,,x) and uncertainty (U)
in contact angle for oleic acid-polycarbonate system showing
probable limiting precision of the refraction technique to be
approximately 0.5°

0 Enax U

0° +0.64° +0.50°
1.31° +0.65° +0.50°
2.60° +0.65° +0.49°
3.88° +0.65° +0.49°
5.14° +0.65° +0.48°
6.37° +0.65° +0.47°
7.57° +0.65° +0.46°
8.73° +0.64° +0.45°
9.86° +0.64° +0.44°
10.94° +0.63° +0.43°
11.96° +0.62° +0.41°
12.93° +0.60° +0.40°
13.84° +0.59° +0.38°

during the duration of the experiment inferring a low
average capillary velocity on the order of 107’ for both
surface-active agents. The time resolved refraction
images were then analyzed using the UTHSCSA
ImageTool ver. 3 software to determine Z, and Zj.

Results and discussion
Refraction images

Figure 6(A) is a CCD image of a representative
refraction pattern for an PC substrate and sessile drop
of oleic acid at a low uniaxial stress of approximately
3 MPa. The upper « refraction spot is light that has
been refracted through the substrate only while the
lower f refraction spot is light that has been refracted
through both the substrate and the sessile drop edge.
The irregularity of the f§ refraction spot is thought to be
due to the serrated shape of the sessile drop-substrate
interface and the resulting error in the Z; measurand is
the largest single source of error in this technique.
Figure 6(B) is a dark field image of the sessile drop
edge viewed from above using an optical microscope in

Fig. 6 (a) Oleic acid/
polycarbonate refraction

reflectance mode. The dark regions are areas with low
angle and the lighter region are areas with higher
angle. The image shows that the triple line interface is
not the idealized planar wedge embodied in Young’s
equation. This variation in contact angle near the triple
line could be due to either roughness or chemical
contamination of the substrate surface.

Using standard error propagation techniques [18],
the maximum error E,,, and uncertainty U, can be
estimated by Egs. 6 and 7 where; R is the functional
relationship between tan(f) and the experimental
measurands X, Z, and Zg ; and Px, and Pz, are
the respective precisions of the measurands as esti-
mated from a large body of refraction images for both
oleic acid-polycarbonate and dibutyl phthalate-poly-
carbonate systems. Table 1 shows E,,x and U for the
range of angles accessible to this device assuming
Px =~ +2mm, Pz, ~ +2mmand Pz, ~ +5mm. In
general, the uncertainty U is considered to be a better
estimate of probable error than E,,,x and the calcula-
tions show an expected uncertainty of the contact angle
measurement to be approximately 0.5°. This is taken as
the probable limiting precision of the refraction tech-
nique for these combinations of substrate material and
sessile drop liquid.

OR OR OR

Emax = an—X‘-i- sza—Z“‘—i— PZ,"a—Z'[;‘ (6)
OR\? OR\? oR\?]!

0= \(m5%) (Piz) + (i) | O

The time resolved refraction images also allow the
determination of the time at which craze damage is
commensurate with the LASER wavelength 4 occurs.
This is accomplished by observation of the onset of
diffraction fringes caused by the parallel array of
closely spaced crazes. Figure 7 compares early and
later time refraction images for an oleic acid-polycar-
bonate sample at a hydrostatic stress of ~13 Mpa. The

pattern showing measurands
Z,, and Z;. (b) Reflectance
mode optical micrograph of
oleic acid/polycarbonate
sessile drop edge viewed from
above
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Fig. 7 Comparison of
refraction images of an oleic
acid-polycarbonate sample
both prior to crazing (a), and
after crazing (b). The
diffraction fringes are used as
indicators of crazes evolved to
a size commensurate with the
wavelength of the LASER
source

early time image has no diffraction fringes while the
later time image shows distinct diffraction fringes. The
transition to diffraction fringes is observed before
crazes in the tensile sample are easily visible to the
naked eye and are believed to be associated with the
craze pattern diffracting with the LASER.

Kinetics of craze initiation

It is generally recognized that craze initiation has a
stress-time dependence and that the time at the onset
of crazing decreases exponentially with increasing
stress [1]. Using the diffraction fringes described in
the previous section as an early indicator of craze
formation, a time for craze initiation (z.) was deter-
mined for increasing levels of stress. Figure 8 is a plot
of the mean of repeated observations of #. at three
discrete hydrostatic stress levels for both the oleic acid-
polycarbonate and dibutyl phthalate-polycarbonate
systems. The error bars indicate a 95% confidence

20

m Oleic acid/PC
----1* order fit: Oleic acid/PC
A Dibutyl phthalate/PC
- - 1% order fit: Dibutl phthalate/PC

(MPa)

e

Fig. 8 Semilog plot of hydrostatic stress versus time to crazing
for oleic acid-polycarbonate and dibutyl phthalate-polycarbon-
ate systems showing that ¢, decreases with increasing stress for
both cases, and that the value of stress at which crazing occurs
given infinite time is similar to the critical hydrostatic stress
predicted by the Gent hypothesis
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interval on the mean. The data confirm the previously
observed exponential decrease in f. with increasing
stress. A first order exponential decay model was fitted
to the data and is plotted as a dashed line along with
the equilibrium values. In a kinetically limited process
the infinite time equilibrium value will approach that of
thermodynamic equilibrium. In these observations the
t — oo value of hydrostatic stress for crazing to occur
is similar to the range of critical hydrostatic stress (o%;)
values predicted by the Gent hypothesis for both
surface-active liquids.

However, some limitations of this data set need
consideration: the experimental duration of one hour is
short and so crazing was not often observed under
conditions of lower stress; also, the effect of viscoelas-
tic creep of the loaded tensile sample, and the fraction
of the test section surface area affected by the surface-
active liquid may have effects on ¢, that are difficult to
deconvolute. Longer observation times at lower stress
in which there is little or no creep, and test geometries
in which the surface-active liquid is in contact with the
entire test section would enable a more reliable
statistical distribution of ¢, with respect to stress and
yield a more meaningful equilibrium value of .

Strain condition at crazing

The strain at the onset of crazing as determined by the
development of diffraction fringes in the refraction
image was observed. Figure 9 shows plots of hydro-
static stress versus the total strain at crazing and
hydrostatic stress versus the inelastic strain at crazing
for both surface-active liquids.

The strain at crazing can generally be said to increase
with stress for both systems. The dibutyl phthalate-
polycarbonate crazes at lower levels of stress than the
oleic acid-polycarbonate system and shows an approx-
imately linear relationship between hydrostatic stress
and crazing strain. The oleic acid-polycarbonate system
has quite a bit of scatter and no linear relationship
can be inferred. In the oleic acid-polycarbonate
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Fig. 9 Plots of total strain at crazing and inelastic strain versus
hydrostatic stress for (a) oleic acid-polycarbonate and (b) dibutyl
phthalate-polycarbonate systems

Fig. 10 A comparison of

observations the lowest level of stress at which crazing
occurred during the duration of the experiments was
~11-12 Mpa—this is within the range of critical hydro-
static stress predicted by the Gent hypothesis.

Comparison of the inelastic strain at crazing data
shows markedly different behavior between the two
surface-active liquids. The dibutyl phthalate-polycar-
bonate system crazes at essentially zero inelastic strain
at all stress levels tested larger than zero. The oleic
acid-polycarbonate system shows two distinct regions
of inelastic strain response. At hydrostatic stress below
11-12 MPa the inelastic strain at crazing is highly
variable between 0.1-0.6%. At stress levels above
12 MPa the inelastic strain at crazing is less than 0.1%.
This transition in behavior occurs near the midpoint of
the range of hydrostatic stress predicted by the Gent
hypothesis and could be taken as evidence of increased
swelling at larger stress.

Kambour [1], and Arnold [19] have respectively
proposed critical strain criterion, and critical inelastic
strain criterion for crazing. It should be noted that any
attempt to correlate a critical strain or inelastic strain
using this data is complicated by the fact that the
surface-active agent is in contact with only a small area
of the gauge length of the tensile specimen. In this
experimental geometry the strain response to stress is a
composite of the dry polymer response and that of the
region affected by the surface-active liquid.

Contact angle observations

Figure 10 shows a comparison of the advancing contact
angle versus time for the oleic acid-polycarbonate and
dibutyl phthalate-polycarbonate systems at a low level
of hydrostatic stress. The data represent the mean of
five samples under identical conditions and the error
bars are a 95% confidence interval on the mean. The

PC057-061: o, ~ 1.04 MPa

advancing contact angle 14 PC050-054: 5, ~ 1.157 MPa 7 . . .
versus time for oleic acid- C/oleie acid A PC/dibutyl phthalate
polycarbonate and dibutyl l
phthalate systems at low 134 | 6 r
hydrostatic stress + % + + } } l
=) =)
§ 124 | § 5 I +
< < l I
" R PO U
LTI
10 x : . 3 * * *
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oleic acid has a larger solubility parameter mismatch
with PC than the dibutyl phthalate and shows no
significant decay of contact angle with time. The dibutyl
phthalate has nearly the same solubility as PC and shows
strong decay with time. This indicates that if swelling
occurs contact angle is a sensitive metric of absorption of
the liquid into the substrate. The rate of decay observed
in the dibutyl phthalate-polycarbonate system did not
change significantly with increasing stress.

Figure 11(A) shows a plot of advancing contact
angle versus stress for the oleic acid-polycarbonate
system under increasing levels of hydrostatic stress.
The data points are the mean of five samples each
observed for 1,800 s and the error bars for angle and
hydrostatic stress are the 95% confidence interval. No
transition of contact angle with hydrostatic stress is
evident. The error bars indicate that the precision
achieved was +1° a value greater than the limiting
precision of 0.5° suggested by the previously described
error analysis and achieved in other observations.
Subsequent experiments probing the effect of relative
humidity on contact angle are reported in Fig. 12 and

Fig. 11 (a) Plot of advancing

PC/Oleic acid
L L L

show a strong influence. The increased variation may
be due to variation in relative humidity in the sample
environment for this set of experiments.

The dibutyl phthalate-polycarbonate samples show
decay in contact angle with time—both the initial and
equilibrium contact angles as determined by first order
exponential fits are reported in Fig. 11(B). The data
points are the mean of five samples each observed for
3,600 s and the error bars for angle and hydrostatic
stress are the 95% confidence interval. Again, there
was no significant transition of contact angle with
hydrostatic stress for either initial or equilibrium
contact angle.

The data for higher levels of stress indicate that even
after crazing occurred in a sample, and the surface
topography altered by crazing, the effect on the
advancing contact angle was not significant. Although
both the kinetics of craze initiation and the inelastic
strain condition at crazing imply the existence of a
transition near Gent’s critical hydrostatic stress, the
three phase advancing contact angle does not indicate
any such transition.
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Figure 12 shows contact angle observations for an
oleic acid-polycarbonate system under changing con-
ditions of relative humidity (w). The humidity condi-
tions as shown in the inset graph of w versus time begin
at 20% are cycled up to 70% then cycled down from
70% back to 20%. As relative humidity is increased the
contact area of the sessile drop spreads and the contact
angle drops. The triple line is translating onto dry
substrate so the contact angle data are advancing
angles (04). As the relative humidity is decreased back
from 70% the contact area is at first pinned then
retracts. The triple line is receding from wetted
substrate and the contact data are receding angles
(0r). Each observation of contact angle was taken at a
300-second interval and so the plot shows that the
contact area of the sessile drop spreads onto dry
substrate more readily than it recedes.

The large degree of hysteresis between the advanc-
ing and receding angles, and the pinning evident in this
data, illuminates a drawback in using contact angle to
monitor transitions in ys;. For the oleic acid-polycar-
bonate system the magnitude of contact angle hyster-
esis is on the order of 3°-5°. Contact angles within the
limits of 64 and Oy are in thermodynamic equilibrium,
and the effect of changes in ysr. on 0 could reasonably
be expected to be smaller than this given the localized
nature of the swelling proposed in the Gent hypothesis.
In this light, any changes in 0 related to Gent’s
transition to unbounded swelling could easily be
obscured by pinning of the sessile drop between the
limits of the advancing and receding angles.

The hysteresis between advancing and receding
angles can be considered as an indicator of the work
of adhesion between the liquid and substrate. Future
experiments are planned that will look at the magni-
tude contact angle hysteresis as a function of stress to
see if Gent’s transition to unbounded swelling is
indicated.

Conclusions

The refraction technique has proven to be an objective
and precise method of measuring sessile drop contact
angles of less than 15°. The precision of +0.5° is an
improvement on the 2°-5° precision of conventional
goniometer/microscope methods and approaches the
+0.1° precision of axis-symmetric drop shape analysis
(ADSA) methods. Limitations of the refraction tech-
nique are that both substrate and liquid must be
optically clear, and the environment of the sessile drop
must be carefully controlled for temperature, humidity
and airborne contaminants.

No transition in contact angle as a function of
hydrostatic stress was observed in either the oleic
acid-polycarbonate or the dibutyl phthalate-polycar-
bonate experiments. If, as proposed by Gent, a
transition is actually occurring at localized areas of
stress concentration the large hysteresis between
advancing and receding angles may obscure it because
the expected changes in solid-liquid surface energy are
too small to overcome the pinning of the triple line at
some angle intermediate to the advancing and reced-
ing angles. Nevertheless, these observations of contact
angle with respect to polymer stress state do not
support the thermodynamic transition implied in the
Gent hypothesis

The kinetic observations of hydrostatic stress and
time to crazing were conducted on a very short time
scale and so are of limited value in drawing quantita-
tive conclusions, but the long time hydrostatic stress at
crazing determined from a fit of the data is in the same
range as the critical hydrostatic stress predicted by the
Gent hypothesis. Similarly the hydrostatic stress and
inelastic strain at crazing qualitatively imply a transi-
tion near Gent’s critical hydrostatic stress.

The observations of the effect of changing vapor
phase on the sessile drop contact angle point to a
simple method of measuring contact angle hysteresis.
Future experiments are planned to look at the effect of
stress state on the magnitude of hysteresis for ESC
liquid/polymer combinations.
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