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Tensile stress increases (AS) have been measured in changing the environment of a crazed specimen
held at constant extension from methanol, water or their mixtures to air. |t is demonstrated that these
stress changes are probably due to changes in the interfacial tension between the fibrils and the
environment. The observed magnitude of AS is in excellent agreement with the theoretical estimates of

this quantity.

INTRODUCTION

The technical importance of crazing in polymers induced
by action of liquid environments has triggered much
interest in, and speculation on, the precise role the
environment plays in crazing"2. The enhancement of
crazing by the environment usually has been attributed
either to (i) a decrease in surface energy requirement for
forming the finely divided fibril structure of the craze or (ii)
a decrease due to plasticization in the flow (or drawing)
stress of the polymer at the craze tip where fibrils are being
formed (or at the craze surface where they are being drawn
out). Since liquids which wet the polymer surface also tend
to plasticize it and vice versa, it has not been easy to
distinguish between these mechanisms. Kambour et al.?
showed for the o-dichlorobenzene—polystyrene system,
at least, that plasticization was the more important
mechanism. He demonstrated that the decrease in craze
stress produced by the environment could be correlated
directly with the depression in glass transition tempera-
ture caused by the environment (o-dichlorobenzene).
Identical results were obtained when the environment was
applied externally (and T, measured on a film swollen to
equilibrium) and when the environment was applied
internally as a plasticizer.

When Andrews and co-workers®* determined the
critical strain energy release rate G, (27T'in their notation)
to propagate a crack with a craze ahead of it in PMMA
immersed in various alcohols however, they found two
ranges of behaviour depending on temperature. At low
temperatures G, was high but decreased approximately
linearly as T'was increased until a value G¥ was reached at
T*. For temperature above T*, G, was constant at G*
They attributed the decrease in G, with increasing Tat low
temperatures to a decrease in the plastic work to form a
craze, designated T* as the glass transition temperature of
the equilibrium swollen polymer and G* as the residual
energy contribution to craze formation. Only when the
environmental plasticization is so severe that T, of the
swollen polymers is decreased to the measuring tempera-
ture, does the surface energy term become dominant.
Direct measurements® of the craze fibril stresses by

* On leave from Department of Materials Engineering, Monash
University, Clayton, 3168, Australia
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holographic interferometry in one of their systems
(methanol-PMMA) for T<T* tend to bear out their
hypothesis.

The object of the present experiments is to determine
directly the surface contribution of the crazing stress. We
measure directly the normal component of stress S acting
on the craze caused by the surface tension of the craze
fibrils in the environment. For a single cylindrical fibril of
diameter D, length | and surface area A, the equivalent
fibril stress o, due to the surface tension [ of the fibril is
given for constant volume deformation by:

nD? .- 04\ =D .
for long fibrils.

If the volume fraction of these fibrils is v, and they are
all oriented normal to the craze surfaces, the surface stress
contribution due to surface tension is

S:z"g’f )
where
=~ <(D*
D: -
(D>

and the brackets (> denote the average of the quantity
within. If a wetting liquid is admitted (or removed) from
the craze, there will be a decrease (or increase) in S given
by substituting Ay=7y, ., —7Vpiqia for y in Equation 2
where 7, ; is the polymer/air surface tension and y,, g, is
the polymer/liquid surface tension.

The system chosen for study is polystyrene (PS) using
methanol or mehanol/water solutions as the environ-
ment. An advantage of this system is that methanol is a
weak crazing agent and a very poor solvent for PS. The
methanol crazes formed are stable and the non-crazed PS
is only swollen slightly by methanol. This system is quite
different from the PMMA-methanol system? ~* for which
the environment is a strong crazing agent and swells the
bulk considerably.
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EXPERIMENTAL

Tensile specimens were cut from 1 mm thick commercial
polystyrene sheet. These were extended to a tensile stress
of 18 MN m ™~ 2 using an inverted loading cage attached to
the crosshead of an Instron testing machine. The cage
permitted immersion of the specimens into the crazing
fluids while these were still under strain. When held at the
constant extension corresponding to the above tensile
stress the specimens did not craze rapidly in air but crazed
rapidly upon immersion in methanol. While the speci-
mens continued to be held at constant extension, different
methanol/water mixtures were introduced and then al-
lowed to evaporate. The load was monitored during the
introduction and evaporation. The presence of the fluid
within the craze was verified independently by small angle
X-ray scattering®. Methanol/water solutions that are
more than 50% volume water enter a dry craze rather
slowly, so in these cases, crazed specimens which had been
dried were first immersed for a short time in methanol,
and then immersed in the methanol/water mixture.

A control experiment was performed in which PS
specimens were extended to loads insufficient to cause
crazing in methanol. The environments were changed for
these samples in the same manner as for the crazed
samples in order to measure the effect of methanol
absorption in the bulk on the stress change.

After the initial thermal transient only negligible cha-
nges in stress were observed over the time scale of the
experiments reported for the crazed samples. Very long
absorption/desorption times were necessary to observe
any bulk effect.

SURFACE ENERGIES

Contact angles between polystyrene and the environ-
ments were measured by dissolving some of the polys-
tyrene sheet in toluene and then pulling a glass slide from
the solution to form a clean polystyrene surface. Drops of

Table 1 Contact angles on clean surfaces made from the polystyrene
sheet

Fluid Angle
75% CH30H—25% H,0 34°
50% CH30H—~50% H,0 52°
25% CH30H—-75% H,0 65°
H,0 86°

Table 2 Various surface energies {mJ m—2)

the environment were placed on this surface and photo-
graphed. The contact angles, measured to +2° from these
photographs, are tabulated in Tuble I. For water the
contact angle was also measured on a pure polystyrene
surface made in the same way. That this contact angle
(91°) is larger than the contact angle on the material from
the commercial sheet (86°) is not surprising, given the
sensitivity of contact angle measurements to small amou-
nts of surface contamination which can come from
additives within the polymers.

The interfacial energies per unit area between
methanol/PS and water/PS were estimated using Fowke’s
method” and the data of Owens and Wendt®. In this
estimation method the surface energy of polymer and
solvent are separated into dispersion and hydrogen
bonding components y? and y*. The interfacial tension is
given by’

712=[0D" =GP +I6D2 0D )

where component 1 is the liquid environment and com-
ponent 2 is polystyrene. Table 2 shows the values”'® used
for y4, y%, 4 and y% as well as the y,,’s derived from these
for the methanol/PS and methanol/water surfaces. Also
shown in Table 2 are y,, the surface tension of a PS/air
surface® as well as y,’s, the surface tension of the various
liquid/air interfaces’®.

For a solution in contact with a solid the Young/Dupre
equation takes the form

V12=V2— T, ~7y; cosf 4)

where 0 is the contact angle and =, is the film pressure of
the solid-vapour interface'!. Since =, is not known for
solutions y,, cannot be determined frol contact angles.
However if n, in Equation 4 is set equal to zero the y, , so
computed from the observed contact angle will be an
upper limit. These upper limit y,,’s for the methanol/-
water solutions are also shown in Table 2. Also displayed
in Table 2 are the computed Ay (=v,—7%,,) values,
corresponding to the change in surface energy of polys-
tyrene on removing the various environments.

RESULTS AND DISCUSSION

The change in tensile stress on a crazed polystyrene
sample is measured as a function of time after it is
removed from various environments as its crazes are

v? vh 7 72 712 AY=72~Y12 Avexp?
Polystyrene 41.4 0.6 - 42 - - -
CH30H 22 1 21.8 - 3.0 +39 74.2
75% CH30OH—25% H,0 - - 28.1 - 17.1¢ 24.9¢ 496
50% CH30H—50% H,0 - - 348 - 20.3¢ 21.7¢ 358
25% CH30H—75% H,0 - - 456 - 22.2¢ 19.8° 2438
H,0 218 51 72,0 - 435 -15
(43.22,370)  (-1.22, +59)

8 Computed from contact angle of solvent cast film of 91° assuming 75 = 0

Computed from @ of commercial sheet of 86° assuming m=0

€ Computed from measured contact angle on solvent cast PS film assuming w3 = 0. As explained in the text this is an upper limit on v;5 and

thus a lower limit on Ay
d Computed assuming D = 11 nm
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Figure 1 Tensile stress changes of crazed specimens held at con-
stant extension v. Time after removing them from various liquid
environments

allowed to dry. Stress—time curves are displayed in Figure
1 for methanol, water and various solutions of the two. In
all cases the qualitative shape of the curve is the same, a
rapid stress pulse increase superimposed on a stress which
rises gradually to a new, constant value. The uncrazed
specimen showed a similar transient stress pulse, which is
due to the thermal contraction of the specimen due to the
cooling effect of liquid evaporation, but very little long-
term increase in stress (AS<0.2 MPa). The long-term
increase in stress is clearly caused by loss of the enviro-
ment from the crazes. Although one might argue there
would be a small component of stress change due to loss of
methanol absorbed in the bulk of the specimen im-
mediately adjacent to the crazes, the small equilibrium
swelling of PS in methanol (<2.5%) and the small
methanol diffusion distance (<1 um) during the time of
these experiments (15-30 min) makes this component
negligible. These long-term changes, caused by exchang-
ing each of the environments for air, are shown in Table 3.
These changes are reversible in that the crazes can be
rewet and the same change observed on redrying. The
changes are also independent of the applied tensile stress
as long as it is not so high as to cause additional crazing or
so low as to cause the crazes to be compressed by
elastically-strained polymer surrounding the craze®. This
stress change has all the attributes one would expect if it
were caused by the change in surface tension of the craze
fibrils.

According to Equation 2 the change in stress across the
craze on removing the enviroment should be

2Ayv,

AS= )

(5)

We recently demonstrated® that D can be determined by
small angle X-ray scattering and obtained values of 6 nm
for air crazes in PS with some evidence that wet methanol
crazes were similar. Dried methanol crazes gave a value of
11 nm when using a value v, of 0.2 from transmission
electron microscopy!?. From the Ay data in Table 2 one
can compute the AS expected from fibril surface tension
changes on removing methanol (AS= +1.4 MPaif D=11
nm and + 2.6 MPa if D=6 nm) and water (AS = —0.05 to
+0.17 MPa if D=11 nm and —0.09 to +0.32 MPa if D
=6 nm). These values are the same order as the measured
stress changes shown in Table 3 and agree very well if the
lower value of D is used. It is not obvious which value to
use as the fibril clumping on drying® might be partly
reversible. As expected methanol/water solutions produce
AS’s monotonically increasing from low values for the
water-rich solutions to larger values for the methanol-rich
ones.

Another way to demonstrate this agreement is to.
compute Ay values from the stress change data and
Equation 5. These Ay experimental values obtained,
assuming D =11 nm, are also shown in Table 2 where they
can be compared with estimates of Ay for the solutions.
The agreement is reasonable considering the experimen-
tal and theoretical uncertainties.

One might argue that some portion of these stress
changes are caused by the fibril volume changes (deswell-
ing) resulting from the removal of methanol. Since these
were typically 4 crazes per millimetre along the specimen
and since such isolated methanol crazes are of the order of
1 um in thickness'?, the change in strain in the craze must
be ~250 times the nominal strain ( ~ 10~ 3) that produces
the AS of 2.7 MPa. The change in craze strain Ae required
is 0.25 whereas the equilibrium change in volume of PS on
swelling with methanol is less than 0.025. The fibril
shrinkage on deswelling is too small.

From the large changes in craze strain required in
response to the changes in fibril surface tension it also
appears that the fibrils have a considerably higher
compliance than bulk glassy PS. It seems possible that the
small size of the fibrils makes them more rubbery than the
bulk polymer and we have observed other evidence of
large fibril retractions on fracture!®!4. The question of
polymer chain mobility in small diameter craze fibrils is
an important one for fibril stability and deserves to be
investigated further.

Finally it is worth comparing the magnitude of these
AS’s to the total stress required for craze growth. Stress

Table 3 Long-term stress increases on removing crazed specimens
from various liquid environments

Methanol/water solution composition

(vol % methanol) AS (MPa)
100 27
75 1.8
50 1.3
25 09
0 0.2

POLYMER, 1981, Vol 22, May 689



Surface tension effects on stress in environmental crazes: H. R. Brown and E. J. Kramer

measurements of air crazes in PS reveal that the total
stress across the craze is within 15% of the applied stress!?
and preliminary measurements on methanol crazes in
PS'2 reveal similar results. (T, in the fibrils is only
depressed to 90°C by methanol) Thus the total stress
across these crazes is close to the applied stress, 7-10
MPa. The stress change due to change in surface tension is
only a small part of this stress and thus the major effect of
the methanol environment in enhancing craze growth to
reduce the flow stress of the polymer by plasticizing it.
These observations thus confirm the contentions of
Kambour and others to this effect. If the fibrii diameter D
and volume fraction v, were to remain constant as the
temperature is raised toward 7, the flow stress would
decrease (the current evidence is that D increases'® but v,
decreases'?) the change in surface tension would become
more important as claimed by Andrews et al. It will be
quite important therefore to make measurements of the
relevant quantities as a function of temperature.

ACKNOWLEDGEMENTS

We acknowledge the generous support of the Cornell
Materials Science Center which is funded by the National
Science Foundation. We also appreciate stimulating

690 POLYMER, 1981, Vol 22, May

discussion with Professor J. M. Blakely and C. Y. Li on
methods for determining polymer/liquid interfacial
energies.

REFERENCES

1 Kambour, R. P. Macromol. Rev. 1973, 7, 1
2 Kambour, R. P, Gruner, C. L. and Romagosa, E. E. J. Polym. Sci.
Polym. Phys. Edn. 1973, 11, 1879
Andrews, E. H. and Bevan, L. Polymer 1972, 13, 337
4 Andrews, E. H,, Levy, G. M. and Willis, J. J. Mater. Sci. 1973, 8,
1000
5 Kramer, E. J., Krenz, H. G. and Ast, D. G. J. Polym. Sci. Polym.
Phys. Edn. 1978, 16, 349
6 Brown, H. R. and Kramer, E. J. J. Macromol. Sci.-Phys. to be
published
7 Fowkes, F. M. Ind. Eng. Chem. 1964, 56, 40
8 Owens, D. K. and Wendt, R. C. J. Appl. Polym. Sci. 1969, 13,1741
9 Van Krevelen, D. W. ‘Properties of Polymers’, Elsevier,
Amsterdam 1976, p 166
10 ‘Handbook of Chemistry and Physics’, 56th Ed., CRC Press,
Cleveland 1975, p F42
11 Adamson, A. W. ‘Physical Chemistry of Surfaces’, John Wiley
1967, New York, p 353
12 Yaffe, M. private communication
13 Kramer, E. J. and Lanterwasser, B. D. unpublished observations
14 Brown, H. R. and Ward, I. M. Polymer 1973, 14, 469
15 Lauterwasser, B. D. and Kramer, E. J. Phil. Mag. A 1979, 39, 469
16 Parades, E. and Fischer, E. W. Makromol. Chem. 1979, 180, 2707

w



