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ABSTRACT

Tw most frequently cited failure mode for EPDM (ethy-
lene propylene diene terpolymer) single-ply roofing systems
is the fatlure of the field-formed seams. The cause of these
failures has not, as yet, been isolated. The presence of talc-
like particles, introduced during the manufacturing process,
may be a primary factor, since the presence of these parti-
cles may act to block adhesive bond formation. To test this
hypothesis, the strength of hutyl-adhered EPDM Tpeel joints
was determined as a function of cure time and contamina-
tion level. It was concluded that the strength of an EPDM
Tpeel juint exponentially decreases with an increase in con-
tamination. These results reinforce the need for suwrict ad-
herence to proper seam cleaning techniques prior to the
application of the butyl adhesive and the need for quality
assurance techniques for assuring satisfactory seam for-
mation.
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INTRODUCTION

Single-ply roofing systems have achieved widespread accep-
tance in the United States due to their satisfactory perfor-
mance and low installation cost relative to builtup roofs!
These systems are not without their problems, however? In
the case of EPDM (ethylene propylene diene terpolymer)
single-ply roofing systems, the membrane material has
demonstrated excellent weathering resistance properties, but
the field-formed seams appear to be vulnerable to prema-
ture failure?-” The factors causing these premature seam
failures have not, as yet, been isolated, but may include poor
surface preparation, chemical and physical aging of the
membrane and adhesive and mechanical loads.

Over the last few years, the National Institute of Standards
and Technology (NIST} (formerly the National Bureau of
Standards) has heen conducting research to isolate the fac-
tors affecting the in-service performance of FPDM field-
formed seams. In 1987, two of the authors® reported on the
creep-rupture sensitivity of neoprene-adhered, highly
cleaned, EPDM Tpeel joints 1o changes in temperature and
mechanical stress. It was concluded from this study that (1)
the joints were sensitive to increases in mechanical stress,
but net to increases in temperature (at least in the tempera-
ture range investigated, 30 C 1o 75 C) and; (2) mechanical
stress was not considered of prime importance in causing

EPDM seam failures, insomuch as the experimental stresses
were much higher than those experienced in the field.
Moreover, at low stresses, which were more representative
of those ovccurring in the field, fibers {(often called “legs™)
formed in the adhesive between the separating strips and
greatly increased both the strength and creep-rupture life
of the neoprene adhered EPDM T-peel joints.

Since the publication of those results, butyl adhesives have
largely been replaced by neoprene adhesives as the preferred
adhesive for making field-formed seams. During the period
over which this change has occurred, the frequency of report:
ed seam problems for single-ply systems has not diminished,
as evidenced by comparing the data in Cullen®* 1984 to
Cullen* 1988* It seems reasonable te conclude that either
the adhesive is not the primary cause of premature seam
failure or that the same constituents that caused the ne-
oprene adhesive to fail are present in the butyl adhesive,
Since this |atter possibility did not seem likely, we focused
our attention on the presence of surface contaminants on
the EPDM membranes as the prime candidate for causing
premature seam failures.

The contaminants most likely responsible for premature
seam fatlure are the talclike particles (talg, clay or mica) com-
monly applied over the surface of most commercial EPDM
membranes during the manufacturing process to prevent in-
terply fusion of the membrane during vulcanization. The
talclike particles alse act to deter interply sticking during
the storage and shipment of the cured rubber™ and to facili-
tate the movement of the rubber sheets during the roof con-
struction process. These beneficial effects are counterbal-
anced, however, by the negative impact they have on adhe-
sion®""!¥ Thus, there is no question that these talc-like par-
ticles need o be removed at the construction site prior to
applying the adhesive. What is in question is how clean the
surface of an EPDM membrane has to be to form a strong
and durable adhesive jeint or, to rephrase this question into
a more experimentally tractable form, how sensitive the
strength of a butyl-adhered EPDM Tpeel joint is to surface
contamination.

In the process of answering this question, several techni-
cal problems had to be overcome, including developing
procedures for unifermly comaminating cleaned EPDM

* (ullen’s data applies to all single-ply systems. Since EPDM single-ply
systems command afiproximately 60 percent of the single-fy market, the
authors interpreted the data lo infer that the seam failure stalistics for
single-ply systems (apiproximately 25 pevcent of the reported problems)
applies to EPDM systems.
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strips and for quantitatively measuring the amount of con-
taminants deposited on a strip. These procedures are de-
scribed below.

EXPERIMENT

Materials

A commercial 1L5-millimeter-thick sheet of EPDM rubber and
two commercial butyl splicing cements were used in this ex-
periment. The cements (hereafter termed adhesive 1 and 2}
were complex blends of several rubbers, the exact composi-
tions of which were unknown, but, according to the manufac-
turers, were close to the example formulations described in
Chmiel and Cotsakis'' Butyl splicing adhesives are known
to cure in the presence of moisture; therefore, to minimize
this effect, the adhesives were removed from their shipping
containers and poured into a number of smaller contain-
ers, each of which was immediately sealed. One of these small
containers was opened at the start of each of the 10 ex-
perimental treatments (two adhesives times five levels of con-
tamination).

An EPDM sheet was cut into approximately 80( strips, 25
by 160 millimeters. Each strip was cleaned by vigorously
brushing both its sides with soap and water and thoroughly
rinsing it with water. The cleanness of a strip was quanti-
fied using the computer image processing system described
below and shown in Figure 1. If the cleanness of a strip did
not meet predefined cleanness criteria (see section titled
Contamination Level Quantification), it was either recleaned
or replaced. Once all the strips were cleaned, they were
matched into pairs for each T-peel joint; assigned an iden-
tification number; and randomly assigned to one of 10 treat-
ment levels (two adhesives times five times contamination
levels), each treatment containing 36 pairs of strips (12 cure
times times three replicates).

Specimen Contamination

Within each pair, one strip (side A) always remained clean,
while the other strip (side B} was contaminated. Contami-
nation was achieved by moving a cleaned side B strip at con-
stanit velocity under an atomizer and uniformly spraying it
with a well-mixed, low concentration of commercial grade
talc-like particles suspended in heptane. Heptane was select-
ed because it is a hydrocarbon solvent, akin to the splice wash
solvents commonly used in preparing field seams for adhe-
sion, and because it has other desirable properties, includ-
ing high volatility and the ability to wet the surfaces of both
the talclike particles and the EPDM strips. The strips were
contaminated to one of five levels of contamination cor-
responding to approximately zero, two, four, six, and eight
passes under the atomizer.

Contamination Level Quantification

The level of contamination of each strip was quantified us-
ing a computer image processing system consisting of an
eight-bit minicomputer-based computer image processor, a
computer-controlled XY positioning table, a camera and a
voltage regulated fiber-optic mungsten light source (Figure 1).
The principle underlying the measurement of cleanness (lev-
el of contamination) is that the reflectance of the tungsten
light from the surface of a strip increases with an increas-
ing level of contamination. Reflectance was quantified by the
computer image processor in terms of greyscale level, where

an absolute black surface has a greyscale value of zero and
an abhsolute white surface has a greyscale valuc of 256, ‘lo
standardize the measurement procedure, the intensity of
radiation emitted by the fiber optic light source was main-
tained at 120 1 (.30 volts by the voltage regulator, and the
positions of the camera and optical fiber cables remained
stationary throughout the study (the fiber optic cables re-
mained fixed at approximately 15 degrees trom the vertical
axis of the camera).

The greyscale values of the computer image processing
system were calibrated against the quasi-standard Munsell
neutral value scale chips¥ a sequence of 37 neutral gray
painted samples having color values between absolute black
{0 percent reflectance} and absolute white (100 percent reflec-
tance) and having a color value difference of 0.23 between
chips!? A typical calibration curve of greyscale levels versus
Munsell coler values is exhibited in Figure 2, where the
calibration curve is superimposed over calibration data col-
lected on four different days. In the region of experimental
interest (that is, greyscale values between 10 and 220) the
calibration curve is nearly linear. Above a greyscale value of
220, the camera detector became saturated with light, great-
ly reducing its abitity to differentiate between the white Mun-
sell chip coler values,

Greyscale values were also calibrated against talelike par-
ticle deposition. The amount of talclike particles deposit-
ed onto a strip was determined by placing a 22-by-22-milli-
meter glass cover plate over a portion of a cleaned mem-
brane strip and passing the assemblage under the atomizer.
After each pass, the greyscale level of the talclike particle
contaminated area of the strip was measured and the mass
of the talclike particles per unit arca was computed by sub-
tracting the mass of the contaminated glass plate from its
original mass. These differences were measured 10 an accura-
cy of 0.1 milligrams and are recorded on the right axis of
Figure 2. At greyscale values below 50, the mass of the talc-
like particles was less than 0.1 milligram, so that the actual
mass of the deposited talclike particles was unknown but
was between 0 and 0015 milligrams per square centimeter.

To assure accuracy of the greyscale measurements, the
greyscale output from the computer image processing sys-
tem was checked after every 15 EPDM strips by reinserting
one of the Munsell chips under the camera, measuring its
greyscale Jevel, and comparing this value against its expect-
ed value on the calibration curve. If the greyscale value of
this chip fell within + 1 greyscale level (the most common
occurrence), the computer image processing system was con-
sidered to be in calibration; otherwise, the intensity of the
tungsten fiber optic light source was adjusted until the
greyscale level of the chip corresponded with its expected
value on the calibration corve,

Greyscale values for each strip were obtained at 20 loca-
tions, each having dimensions of 5 by 5 millimeters, within
the adhesion area of a T-peel joint as shown in Figure 3. From
these 20 sampling areas, the average and standard deviation
of greyscale values were computed for each strip. If the stan-
dard deviation for a strip exceeded eight greyscale levels, it
was replaced with one that was more uniformly sprayed or
cleaned.

* Jdentification is made solely to define experimenial materials and not
to endorse a particular product.
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For the 360 side A strips (the clean side of a T-peel joint),
the average and standard deviation of the greyscale values
were 330 and 28, respectively {the maximum observed
greyscale value for the side A strips was 366 and the mini-
mum observed greyscale value was 27.2). For the 360 side
B strips (the contaminated side of a Tpeel joint), the aver-
age greyscale values were 33, 60, 90, 130 and 160. (Typical
greyscale values for uncleaned factory strips ranged from 170
to 220,) To facilitate comparisons between the greyscale values
of the side B strips assigned 1o adhesives 1 and 2, the data
are displayed in the form of a multiple box-and-whisker
plot’® in Figure 4. The central box of each box-and-whisker
diagram covers the middle 50 percent of the data values be-
tween the lower and upper guartiles. The cenural, horizon-
tal line within the box is the median greyscale value at each
level of contamination while the vertical lines, extending out
from the top and bottom sides of the box, extend to the ex-
tremes (minimum and maximum values) of the data. The
mean greyscale values at each level of contamination for
adhesives 1 and 2 were also compared using analysis of var-
iance technigues. From this analysis, we concluded that there
were no significant differences in the mean greyscale values
for the strips assigned to adhesive 1 and 2 at each of the
five contamination levels.

Specimen Preparation

Prior to applying the adhesive, the mass of each strip in a
pair was determined. The adhesive was then applied with
a brush onto the clean strip (side A), then the contaminat-
ed strip (side B), after which the brush was discarded. This
procedure was adopted to minimize the transfer of talc-like
particles between strips. Once the adhesive was spread over
both strips, the sobvent was allowed to evaporate at laborato-
ry conditions (approximately 22 C and 45 percent relative
humidity) for approximately 30 minutes. The strips were
then juined and pressed together in a hydraulic press at 700
kPa tor 10 seconds forming a Tpeel joint.

Replicate T'peel joints were cured to one of 12 preassigned
cure times (05, 14, 1.5, 2, 4, 6, 24, 48, 96, 192, 768 and 1,320
hours). The cure time for a T'peel joint began as soon as the
T-peel joint was removed from the press.

The strength of three replicate Tpeel joints was deter-
mined at each cure time and at each contamination level.
The strength of a T'peel joint was determined in peel at a
machine speed of 50 millimeters per minute. The separat
ed strips were then weighed and the fraction of the adhe-
sive adhering to the clean strip (side A) and the contami-
nated strip (side B) determined by subtracting the initial
mass of each strip from its final mass. If the adhesive was
evenly distributed, the failure mode was assumed to be co-
hesive; if most of the adhesive adhered to the uncontami-
nated (side A} strip, the failure mode was assumed o be
adhesive** To supplement this determination, the failure
mode of the separated strips was visually categorized as co-
hesive, adhesive or a mixture of cohesive and adhesive. By
comparing these visual assessments of failure to their cor-
responding percent mass data, it was determined that in
general a percent mass of 60 percent corresponded to co-

** The locus of adhesive failure was expected to be between the butyl adhe-
sive and the contaminated side B strip because that is where the tale
was applied. For Tpeel joints that failed by adhesion, most of the adhe-
sive was expected to remain vn the uncontaminated side A sirip.

hesive failure, a percent mass of 75 percent corresponded
to a mixture of cohesive and adhesive failures and a per-
cent mass of 90 percent corresponded to adhesive failure

RESULTS AND DISCUSSION
Percent mass of the adhesive adhering to the clean side {side
A) of the separated T-peel joints versus cure time data are
plotted in Figures 5 and 6 for adhesives 1 and 2, respective-
ly. For Tpeel joints composed of two cleaned strips (greyscale
= 33), the joint always failed cohesively. For Tpeel joints us-
ing adhesive 1 and containing a contaminated strip, the
joints failed cohesively for cure times less than two hours;
failed by a mixture of cohesion and adhesion for cure times
between two and six hours; and failed by adhesion for cure
times greater than six hours. For Tpeel joints using adhe-
sive 2 and containing a contaminated strip, cohesive failures
were not observed at cure times greater than one-half hour,
and instead, most of the failures were by a mixture of cohe-
sion and adhesion for the first six hours of cure and by adhe-
sion for cure times greater than six hours. The major
difference between the two adhesives, therefore, was that
adhesive 1 took a longer time to set up than did adhesive
2—1two hours as opposed to less than one-half hour.

Strength data at the five levels of contamination are plot-
ted versus cure time and contamination level in Figures 7
and 8 for adhesives ] and 2, respectively (a more complete
presentation, including raw data, is given in Martin, et al}4),
Kach curve can be divided into two periods. The first peri-
od starts when a T'peel joint is remaoved from the press (time
zero on the graph) and lasts for cure times up to two hours
for adhesive 1 and less than one-half hour for adhesive 2
(see Figures 7 and 8). The failure mode during this period
was almost always cohesive due to the low strength of the
adhesive at these early cure times; as such, strength did not
depend on contamination level. During the second period,
the strength of the Tpeel joints was highly dependent on
contamination level and the failure mode was almost always
by adhesion.

The observed strength data, S, for Tpeel joints made us-
ing the butyl adhesives, which cured over time, were fitted
to a Gompertz growth curve model'* (equation 1 and the
solid lines in Figures 7 and 8) for each of the five experimen-
tal contamination levels. The Gompertz growth curve model
has the form as follows:

$ = kab' [
Or

log S = log k + (log a)bt [1a]
where

t is the cure time,
k, a and b are coefficients where 0<<a <1 and
0=<b <1

This medel was found to fit the data well for both adhe-
sives and at all five levels of contamination. The coefficients
have the significance: a is related to the strength of the T
peel joint when first removed from the press; b indicates the
rate of change in Tpeel strength with cure time, which can
be shown by tuking the logarithm of eq la; and k is a mea-
sure of the maximum strength. The significance of the coefti-
cients is briefly discussed below and in more detail in Martin,
et al't
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For a T-peet joint adhered with adhesive 1 and composed
of at least one contaminated strip, the time-dependent
strength of the T'peel joints was a mixture of two Gompertz
growth curves: the first curve modeled the cohesive strength
of the T-peel joints for times up to and including two hours,
and the second curve modeled the strength of the T-peel
joints for cure times greater than two hours. The parameters
of the first curve were independent of the level of contami-
nation, in that the same parameters could be used to model
both the clean and the contaminated T-peel joints; the values
of the parameters for the first curve are given in Table 1 for
adhesive 1 at a greyscale level of 33. After the first two hours,
another Gompertz growth curve model was fitted to the T
peel strength data. The parameters for these curves are tabu-
lated in Table 1 at greyscale values of 60, 90, 130 and 16{.

Besides fitting the strength data well* the Gompertz
growth curve model supports many of our experimental ob-
servations, For example, at ¢t = zero, eq 1 becomes

S = ka (2]

which is the minimum strength of a Tpeel joint or, equiva-
lently, the strength of a T-peel joint when it is first removed
from the press.

Ast-w Q0 ,eql becomes S =k [3]

the maximum strength of the adhesive joint. The minimum
and maximum strengths, along with Gompertz parameters
a and b are plotted in Figures 9 and 10 versus greyscale lev-
el for adhesives 1 and 2, respectively. The minimum strength,
ka, (remember for adhesive 1, the initial strength was the
same for all five nominal levels of contamination) and the
value of parameter b remained relatively constant over the
range of contamination levels studied (the average value for
parameter b was (.94). The maximum strength of the Tpeel
joints decreased with increasing levels of contamination. This
decrease corresponded with relatively low levels of talclike
particle deposition (see Figure 2).

The significance of a constant minimum strength indicates
that the strength of the Tpeel joints was controlled by the
cohesive strength of the butyl adhesive. A constant b parame-
ter value for both adhesives indicates that the rate of increase
in strength does not depend on the level of contamination.
The decrease in the maximum strength of the T-peel joint
with small increases in the amount of talclike particles
deposited indicates that the ultimate strength of a Tpeel joint
is highly dependent on contamination level. These results
reinforce the need for strict adherence to proper seam-
cleaning techniques prior to the application of the butyl
adhesive and the need for quality assurance techniques for
assuring satisfactory seam formation.

CONCLUSIONS
The sensitivity of butyl-adhered EPDM Tpeel joints to con-
tamination by talclike particles was experimentally deter-
mined for two commercially available butyl adhesives and
one commercially available EFDM membrane material. From
our experimental results, we make the tollowing conclusions:
® The maximum EPDM Tpeel strength is achieved when
the strips comprising a Tpeel joint are thoroughly cleaned.
a For contaminated joints and for cure times less than two
hours, the strength of a contaminated T-peel joint does not
depend on contamination level; instead, the strength of the
joint is controlled by the cohesive strength of the adhesive.

® For contaminated joints and for cure times greater than
two hours, the strength of a butyl-adhered EPDM T-peel
joint is highly dependent on contamination level.

= 4 Gompertz growth curve appears to fit the strength ver-
sus cure time data well for both adhesives and for all five
levels of contamination. The properties of the Gompertz
growth model helped to predict strength and explain many
of our experimental observations.
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having a greyscale value of 33 ave the controls

Figure 9 Gompertz growth curve parameters versus nominal contami-
nation level for adhestve I, where the parameter k equals the ultimate
strength and ka equals the minimwm strength of a Tpeel joint. For adhe-
sive I, the minimum strength was the same al all five nominal conlaming:
tion levels
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Figure 10 Gompertz growth curve parameters versus nominal contami-
nation level for adhesive 2, where the parnmeter k equals the ultimale
strength and ha equals the minimum strength of a Tpeel joint



Adhesive Average Gompertz Growth Curve Parameters
Greyscale k a b r’

1 33 1.612 0.260 0.905 0.96
6* 1.287 0.560 0.963 0.92

20* 1.062 0.662 0.974 0.80

130* 0.860 0.790 0.958 0.51

160* 0.830 0.753 0.995 0.49

2 33 1.546 0.315 0.921] 0.96
60 1.243 0414 0.944 .94

90 1.042 0.438 .938 0.89

130 0.949 0.433 0.929 (.89

160 0.717 0.439 0910 0.80

* Gompertz growth curve parameters for these nominal greyscale levels are for cure times greater than two hours (see text).

Table I CGompertz growth curve parameters for adhesives I and 2 along with the squared corvelation coefficient, r*, at all five nominal greyscale
levels.
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