78

FIELD TESTING OF ADHESIVE-BONDED
SEAMS OF RUBBER ROOFING MEMBRANES

WALTER ]. ROSSITER JR., JAMES F SEILER JR. and PAUL E. STUTZMAN

National Institute of Standards and Technology
(formerly National Bureau of Standards)
Gaithersburg, Md.

ABSTRACT

Laborawry‘ and field investigations were conducted to ob-
tain data for supporting the development of 2 methodolo-
gy to assure the quality of adhesive-bonded seams of vulcanized
rubber membranes. The prime factors investigated were sur-
face condition of the rubber, temperature of the rubber at the
time of adhesive application and cure time of the adhesive
The laboratory data indicated that the Tpeel test is sufficiently
sensitive for use in a field methodolegy for assuring the qual-
ity of seams. Based on the laboratory results, it appeared pos-
sible 10 conduct the T-peel tests within a day (or perhaps less)
of searn formation and to find significant differences in hond
strength due to lack of proper surface cleaning of the rub-
ber. Data from field applications are necded to demonstrate
whether such differences are found on the job at one day's
time or less, Seams sampled from two buildings were found
te have low bond strengths, as compared to seams prepared
using rubber carefully cleaned in the laboratory. These field
specimens were also observed to be contaminated with tale-
like particles on the rubber surface It was considered that
the talc-like particles on the surface contributed to the meas-
ured low strength of the seams.

Key words: adhesion, contamination, EPDM, field perfor-
mance, microscopy, peel strength, quality assurance, quality
control, roofing, seams, single-piy, vulcanized rubber.

INTRODUCTION

Recent estimates indicate that low-sloped roof systems hav-
ing vulcanized EPDM membranes account for about one-
third of the current market?* This corresponds to a billion
square feet (30 million square meters) or more of EPDM
membrane material installed annually. Although the perfar-
mance of these systems has been generally satisfactory, their
use has not been problem free®*

A critical factor affecting the performance of vulcanized
EPDM rubber membranes is the integrity of adhesive
bonded seams®® EPDM is a non-polar, relatively inert rub-
ber, which makes the formation of field seams difficult. In-
formation from the National Roofing Contractors
Association’s (NRCA) Project Pinpoint shows that defective
seams are the most often reported single-ply problem?
Moreover, it has been so since 1984 when the NRCA survey
provided an early report on single-ply defects® Recent arti-
cles in roofing trade publications have described specific in-
stances of unsatisfactory seam performance and urged that
steps be taken to provide the industry with improved means
to assure the quality of the field-installed seams!®'? For ex-
ample, Dregger and Ellingson stated that “an element as crit-
ical as field lap seams of EPDM membranes has been left
with virtually no control or quality assurance. .. "' Such

statements support the Project Pinpoint results and provide

evidence for the need for a quality assurance technique for

assessing the quality of field fabricated seams.

To assist in developing such a technique, studies are un-
derway at the National Institute of Standards and Technol-
ogy (NIST) (formerly, the National Bureau of Standards, or
NBS) 10 investigate both the long-term performance of
seams'*'* and their quality assurance during fabrication as
influenced by various application parameters!®*’ A metho-
dology, requiring the meeting of twa criteria, was proposed
to evaluate the quality of newly formed seams!” The criteria
4are:
® First, the bonds prepared in the field should achieve a

benchmark (minimum} value of strength, which has been

recommended as being attainable under the given en-
vironmental conditions during application. (The basis sug-

gested for the measurement was a Tpeel test using a

portable device and cenducted relatively soon, perhaps

a day or less, after seam formation.)

* Second, the seams prepared in the field should be total-
ly adhered along their entire expanse, and not contain
voids (to the extent practical) in the adhesive layer or
delaminations between the adhered sheets. (The basis sug-
gested for the determination was a pulse-echo scan of the
newly formed seams.)

Although studies conducted to date have indicated that
the proposed methodology appears feasible, further data are
needed for supporting its development. For example, in the
case of measuring bond strength shortly after seamn forma-
tion (the first criterion), data must conclusively indicate that
properly fabricated seams have significantly greater bond
strengths (as well as longer service lives) than those improper-
ly prepared. In particular, improper surface preparation of
the rubber has been considered to be a major factor con-
tributing to less-than-satisfactory seam performance®”’

The present paper provides data from one laboratory
study and two field investigations that should be considered
in the development of the bond-strength criterion of the pro-
posed methodology. The field investigations also included
peel testing of laboratory-prepared seams as controls for
comparison with the results of tests of seams sampled from
the roofs. (General details of specimen preparation, testing
and analysis are given in the Appendix.)

CASE I: THE EFFECT OF SURFACE

CONDITION AND TIME ON STRENGTH

Ideally, as a field technique, measurements of initial bond
strength should be made as soon as possible after seam for-
mation. Many roofing practitioners consider it impractical
to conduct quality assurance tests where the results are not
available for several days.
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In this case, a laboratory experiment was conducted to in-
vestigate the following effects on the Tpeel strength of seams:
(1) rubber surface condition (i.e., cleaned versus uncleaned),
(2) rubber temperature during adhesive application and (3)
cure time (ie., time elapsed after bond formation and be-
fore testing). These three variables were considered impor-
tant in that they could adversely affect seam formation and
seam bond strength. It was, therefore, of interest to deter-
mine whether differences in bond strength due to these vari-
ables could be detected within a short time after seam
formation.

Figure 1 presents the results of T-pcel tests conducted over
time on seams prepared using a typical commercial EPDM
sheet (0060 inch or 1.3 millimeter) and the butyl rubber-
based contact adhesive available from the sheet manufac-
turer. Five seam specimens were tested for each data point
in Figure 1. The coefficients of variation for strength ranged
from 1 1o 19 percent. The sheet was received with a heavy
dusting of a release agent on its surface. In fabricating the
seam specimens, the rubber was either cleaned (using the
proprietary wash solvent available from the sheet manufac-
turer) or used uncleaned {“as-received”). The temperatures
of the rubber during adhesive application were 32, 73 and
158 F (0, 23 and 70 (), which spanned a range over which
adhesives may be applied in practice['] After formation, the
seams were cured at room temperature and 50 + 5 percent
relative humidity.

The results in Figure 1 indicate that, depending on ap-
plication temperature, two to six hours after seam forma-
tion the Tpeel strengths of the cleaned rubber specimens
were greater than those of the uncleaned specimens. At 24
hours and beyond, this difference was marked, with the
cleaned specimens having strengths about two times as great
as those of the uncleaned specimens. Using a two-way anal-
ysis of variance technique® the differences in average hond
strength between the sets of cleaned and uncleaned speci-
mens were shown to be significant at the 1 percent level for
cure times of 2, ¢ and 6 hours (and beyond) at application
temperatures of 32, 73 and 158 F (0, 23 and 70 C), respec-
tively.

The finding that the uncleaned rubber surface produced
seams having relatively fow strength was consistent with the
results of other NIST studies!'*'® For example, Martin, et al.}*
demonstrated a relationship between decreases in bond
strength and the amount of release agent deposited on a
cleaned rubber surface Most importantly, the data in the
present study indicate that the Tpeel test is a sensitive tech-
nique appropriate for use in a field methodology for quali-
ty assurance of seams. Based on the laboratory results, it
appears possible to conduct the T-peel tests within 24 hours
{or perhaps less) of seam formation and to find significant
differences in bond strength due to lack of proper surface
cleaning of the rubber. Nevertheless, further data from field
applications are needed to demonstrate whether such differ-
ences are found on the job at one day’s time or less.

It is evident from Figure t that, when the surface condi-
tion was constant (i.e., cleaned or uncleaned), the tempera-
ture of the rubber at the time of adhesive application had
litde effect on bond strength. After adhesive application, the
temperatures of all seam specimens while curing were about
the same (ie, room temperature). Thus, significant differ-
ences in bond strength due to application temperature may
not have been expected. The lack of an effect due to the tem-

perature of the rubber at the time of adhesive application
may provide some simplification of a quality assurance
methodology. That is, the application temperature may not
need to be taken into consideration, provided the cure tem-
perature is kept relatively constant.

The observation that no effect of cleaning the specimens
was found over the first two to four hours was attributed to
the nature of the butyl-based adhesive, which cured (ie,
chemically cross-linked) over time!®* When first applied, this
adhesive had relatively weak cohesive strength, which in-
creased in time due to curing. Thus, when a seam specimen
was tested shortly after formation {up to about four hours),
specimen failure was generally cohesive, and consequently,
the effect of rubber surface condition {cleanness} was not
a factor. After the adhesive gained sufficient cohesive
strength, the effect of surface cleanness became evident. For
the cleaned specimens, the failure mode remained primari-
ly cohesive (i.e, the bond to rubber was greater than the co-
hesive strength of the adhesive). In contrast, for the uncleaned
specimens, the failure mode switched to predominantly
adhesive (ie, the cohesive strength of the adhesive was great:
er than the bond strength to the rubber).

The finding that, at early cure times, the cleaned and un-
cleaned specimens had comparable strengths was unfor-
tunate with regard to the methodology development. [t
implied that some period of time, perhaps a minimum of
six hours, had to elapse before the Tpeel was sensitive
enough to detect the effect of surface contamination. Per-
haps heating of the specimens would accelerate the cure and
shorten the time. Investigations of such effects were beyond
the scope of the present study.

Scanning electron microscopy (SEM} analysis was conduct-
ed o assess the efficiency of the cleaning technique used
to remove the release agent on the rubber surface. Figure
2 presents photomicrographs of the cleaned and uncleaned
specimens, The micrographs are similar to those published
by Westley.® The effect of the surface cleaning is clearly
noticeable. The uncleaned specimen (Figure 2A) shows a sur-
face covered with flakes or platelets, which are the particles
of the release agent (in this case, talc-like) on the manufac-
tured sheet. The cleaned specimen (Figure 2B) displays a
rough surface marked with crater-like depressions, which are
the surface irregularities of the EPDM sheet. Particles of the
release agent are not present. This observation indicated that
the cleaning technique removed most of the release agent.

CASE II: OBSERVATIONS FROM A

PREMATURE SEAM DELAMINATION

Seam delaminations were occurring in a 14-month-old ad-

hered EPDM roof system located in suburban Washington,

DC.[?] ** Before repairs were made, NIST research staff ob-

tained samples for measurements of bond strength and anat-

ysis of the condition of the rubber surface from which the
seams were fabricated. The study involved two major ac
tivities:

1. cutting seam samples and noting observations of their
condition during sampling, conducting T-peel tests of the
field seam samples, and microscopy analysis of the rub-
ber surfaces of some of the delaminated seam samples;
and

2. preparing laboratory specimens for T-peel testing to pro-
vide points of reference for expected strengths of the field
seams.
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‘This EPDM sheet ((060) inch or 1.5 millimeters thick), rela-
tive to thut previously described (Case 1), showed only a light
dusting of 4 release agent on its surface. The generic type
of adhesive, neoprene-based or butvl-based, was not described
in the construction records. They only indicated that a *new”
adhesive would be used, which implied that it was butyl. Sub-
sequent testing of the adhesive (field and laboratory sam-
ples) using the Beilstein test[*]*! showed that it was not
ncoprene (chloroprene), and thus probably butyl.

Test samples of the seams were tuken from five dispersed
sections of the roof. Before cutting the membrane, it was

decided to take both good and bad sumples from euch of

the five sections.|»*} Good samples were designated as those
having no visible delamination of the {ap; whereas bad sam-
ples were characterized as having seme delamination along
the seam edge. Delamination of the bad seams across their
entire width had not occurred so that peel specimens could
be obtained.

During sampling, observations concerning the condition
of the seam specimens were noted. A major finding was the
presence of smull voids {estimated 1 10 2 miflimeters) in the
adhesive layer. The voids were readily scen when many of
the cut seam specimens were viewed on cdge. Reasons for
the presence of the voids were not ascertained. One sugges-
tion may be that small air pockets were entrapped between
the individual sheets mated to form the seam. Another sug-
gestion was that the adhesive solvent had not totally evapo-
rated from the contact adhesive before formation of the
seams. Then, after mating of the seam sheets, the residual
solvent volatilized to create the voids. A third suggestion
made by a reviewer of this paper was that the adhesive was
applied too thin in the area of the voids with the result that
contact was not made between the top and bottom layers
of the adhesive during bond formation.

The Tpeel strengths of the seam specimens, taken from
the roof, were determined at room temperature, 70 to 72 F,
21 to 22 C). The results are given in Table 1. The data for
cach set of good and bad samples, as well as the pooled data
tor all specimens, were compared at the 005 significance level
using the statistical t-test technique!® The average values of
the peel strength were only statistically significant for the
good and bad specimens of Sample Set [ (Table 1). The other
sets (numbers 2 to b} showed no significant difference and
no trends. In the case of Sample Sets 1, 2 and 4, the bad
specimens had an average strength less than that of the good
specimens. Sample Sets 3 and 5 were the opposite, with the
had specimens having greater average strengths,

The average peel strengths for all good and bad specimens
wete 2.4 and 1.9 foot pounds per inch (042 and 033 kN/m),
respectively (Table 1). This difference was statistically signifi-
cant at a significance level of 005, even though four of the
individual sets were not significantly different, This is an
exampic of pooled data being more scnsitive to differences
because of the larger number of points involved in the com-
parison. No practical significance is assigned to the differ-
ence in strength of the pooled good and bad samples at this
time. The values int both cases were low in comparison to
those expected for butyl adhesive applied to cleaned rub-
ber surfaces.

After delamination of the field specimens, each was exa-
mined visually in the laboratory for evidence of release agent
or other factors that may affect bond strength, Two key ob-
servations were noted. First, the majority of the specimens

showed little or no release agent or contamination as seen
by eye. (Some preliminary scanning electron microscopy was
performed, and is discussed below.) Six specimens were seen
to have some contamination, as evidenced by a brownish oil-
like film on the surface of the rubber. The cause was not
ascertained, and the oillike material was not identified.

The second key observation wus the presence of small void
areas in the udhesive layer. These void areas were numer-
ous and, in part, consistent with the observations made in
the field that the specimens had voids in the adhesive layer.
The void areas were characterized as having adhesive on both
shects of rubber comprising the seam. The surface of the
volds was shiny, as if little or no contact of the adhesive had
occurred in these areas, In the void areas, the peel failure
of the seam during testing was seen to be “cohesivelike!
proceedmg by delamination through the voids in the adhe-
sive and not h) peeling of that section of the adhesive from
the surface of the rubber. It was considered that the void
areas contributed, in part, 1o the low bond strength of the
samples, becausc they apparenty represented areas of little
or no bond. Figure 3 illustrates the voids, showing a strip
of EPDM from the inside of a delaminated seam specimen.
Most of the strip contains no adhesive on its surface, because
the adhesive in the specimen peeled adhesively and re.
mained on the second strip comprising the seam. Two spots
show shiny arcas of adhesive that failed in a *cohesivelike”
marnner through voids. One spot shows adhesive that peeled
from the second strip.

Secam specimens were prepared in the laboratory for test-
ing according to the conditions {cleanness, cure time and
cure temperature) given in ‘lable 2. The surfaces of the
cleaned specimens were prepared using the wash solution
commercially available for this EPDM/iadhesive System.

Figure 4 includes the results of the Tpeel tests for the
laboratory specimens. Six replicate specimens were tested
for each application condition under which the scams were
prepared, and guve coefficients of variation ranging from
4 to 7 percent. Examination of the delaminated specimens
showed an absence of void areas {adhesive with shiny sur-
fuce) of the type found for the field specimens. The vast
majority of the specimens, even those cleaned, fuiled adhe-
sively, indicating that the weak link i the seam was at the
interface of the adhesive and rubber sheet. This observation
for the cteaned specimens was in marked contrast to those
in Case I, where the cleaned specimens primarily failed (af-
ter 4 to 6 hours) cohesively.

‘The maximum average T'pecl strength was achieved tor
a cleaned specimen, cured for 14 days at 73 F (23 ). This
vilue of 5.7 foot pounds per inch (10 kN/m) provided an
indication of the strength thar might be expected of seams
prepared from this rubberfadhesive system, which included
a wash solution, under some acceptable conditioas of for-
mation. Longer cure times may have produced stronger
bonds, but cure time was not further investigated in the
present study. The average maximum value for the cleaned
specimens after 14 days at 73 F (23 C) was more than twice
the average value of 2.2 foot pounds per inch (239 kNim)
found for all field specimens. The value of 5.7 tool pounds
pet inch (L0 kNim) suggests that, consistent with the Beil-
stein test results, the adhesive was not ncoprene hased. Neo-
prene adhesives for EPDM membranes generally achieved
Tpeel strengths of about 2 foot pounds per inch (0.4 kN/im)?

The cffect of the three application variables (Table 2) on
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seam strength of the laboratory specimens is cvident from
Figure 4. For every comparable instance of cure time and
temperature, the uncleaned specimens displayed lower bond
strengths than the deaned specimens. The reduction in
strength was of the order of 40 percent.

It was also evident that, for three of the four sets of cure
temperature and surface condition, as the cure time increased
from 7 1o 14 days, the bond strength increased by about 2
percent. This resutt was in contrast with the findings of Mar-
tin, et al.)* who found that two butyl-based contact adhesives
showed little increase in strength after 7 days. In the present
study, the uncleaned specimens cured at 158 F (70 C) gave
a slight decreasc in average strength s the curce time increased
from 7 1o 14 days.

From Figure 4, the effect of cure temperature was quite
apparent. For every comparable condition of cure time and
surface cleanness, the average bond strength of specimens
cured at 158 F (70 () was less than that for specimens cured
at 73 F (23 ). The finding was not expected. Rather, it had
been considered that higher bond strengths might be found
with increased cure temperatures due to an acceleration of
the curing reaction. Although the data were limited for this
observation, they suggested that the rubberfadhesive system
used to prepare the laboratory specimens produced Jower
strengths when cured at higher temperatures.

The data for the I'peel strengths of the laboratory speci-
mens were compared using the statistical three-way analysis
of variance procedure' The analysis showed that the effects
of the three application conditions—(1) lower bond strength
due to lack of cleaning of the rubber, (2) greater bond
strength due to longer cure time and (3) lower bond strength
due (o higher cure temperaturc—were statistically signifi-
cant at the 001 level or less. In addition, it was found that
an additive model for the effects of the factors was reasona-
ble, indicating that the factors act independently.

Note that the two lowest average bond strengths were
found for laboratory specimens prepared using uncleaned
rubber, and cured at 158 F (70 C). These strengths were about
2.1 to 23 foot pounds per inch (037 to 0.40 kN{m), which
were comparable to the average values found for the ficld
specimens (Figure 4). Although the evidence was limited, it
raised questions as to what extent the cleaning procedure
in the field and the cure temperatures contributed to the
observed values of strengths of the field specimens. The roof-
ing from which the seam specimens were taken was 2 black
EPDM sheet installed in the summer in Washington, DC.
These conditions could have provided some periods of high
temperature during curing. In addition, as discussed previ-
ously, a few of the field samples exhibited an oil-like film
on the surface. More important, as will be discussed in the
next section, SEM analysis of sclected specimens indicated
a talclike substance on the samples’ surfaces.

Scanning Electron Microscopy of Selected
Case II Specimens
Scanning electron microscopy (SEM) analyses were con et
¢d o characterize the surfaces of selected field and labora-
tory rubber samples in the Case I study. In an initial analysis,
SEM specimens (Table 3) were prepared from delaminated
field and laboratory seams, and also {rom rubber sheets that
had not been fabricated into seams.

With the exception of the rubber sheet cleaned with de-
tergent and water and then hexane (Table 3), the SEM speci-

mens showed surfaces of rubber carrying a talclike substance
(Figure 5). Even the specimen cleaned using the proprietary
wash solution showed the presence of talclike particles across
the surface This was not expected, because cleaning of scams
in other laboratory tests (see Case I) indicated that a wash
solution had removed cssentially all the release agent. Yor
all specimens showing thesc particles, the micrograph im-
ages were comparable, with platelets (ranging in diameter
from less than 1 to more than 100 QL) covering the rubber
surface. Energy-dispersive X-ray analysis indicated the strong
presence of silicon in the particles. Silicon is a predominant
element in tale, mica and clays. In contrast to the samples
showing the platelcts, the one cleaned with detergent and
water and then hexane {Table 3) was found o have few tale-
like particles visible. Apparently, for the initial laboratory
samples under investigation, the cleaning technique using
the wash solution did not totally remove the release agent
from the rubber surface.

Because the finding of the talelike particles on specimens
cleaned using the proprictary wash solution was not expect-
ed. four other specimens of ruhber were cleaned with wash
solution for additional SEM analysis. Two of these specimens
were cleaned one day and 1wo were prepared another day
in the event the cleaning technique unknowingly varied over
time. Unlike the case of the specimens described in Table
3, the SEM photomicrographs of the additional four speci-
mens showed the surfaces of the rubber to be generally free
of the release agent. One of the four had some contamina-
tiom, but it was not as extensive as for the initial specimens
investigated.

Reasons why the cleaning of the rubber using the wash
solution in the laboratory did not. in the one instance, re-
move all the release agent were not determined. The find-
ing was not without precedence, as Westley® had observed
that cleaning did not always remove all of the release agent.
For the present study, normal care was exercised in all labora-
tory cdeaning operations. The finding that most of the release
agent was removed in some cases, but not in one, provided
evidence that a means for assuring the quality of the field
cleaning procedure is needed. The two SEM specimens pre-
pared from the scams taken from the roof also showed the
presence of talelike particles (Figure 5). Although the ob-
servations of the investigation were limited, u question raised
was whether the rubber sheets were improperly cleaned in
the field (ic., prescribed techniques were not tollowed), or
whether the proper cleaning technique was followed, but was
not efficient and left a residue on the surface (as appeared
10 occur in the laboratory).

The observations from the SEM analysis were compared
to the results of the Tpeel bond-sirength tests for the cleaned
and uncleaned laboratory scum samples. Although the two
rubber surfaces showed comparable SEM photomicrographs
indicating the presence of talclike particles, the deaned
seamn had a peel strength about twice that of the uncleaned
seamn. Cleaning with the wash solution apparenily promot-
ed adhesion, although the release agent was not totally
removed.

These dawa indicute that further investigation of the sur-
face chemistry of the rubber, release agent and adhesive sys:
tem is needed. An important question to be considered is
what effect any remaining release agent on the rubber may
have on the long-term seam performance. Another question
is why the cleaning with the wash solution did not appar-




82

ently, in at least onc case, totally remove the release ugent
on the surface of the rubher sheet.

CASE III: EFFECT OF TIME ON THE

STRENGTH OF FIELD SEAMS

In the spring of 1988, seam samples were obtained from an
EPDM roofing systern under construction in suburban
Washington, DC. Although the roof in question was relatively
small (about 15000 square feet or 1400 square meters), its
construction had been in progress for more than four
months, reportedly due to delays caused primarily by winter
and spring weather conditions. Consequently, seams having
varying ages were present on the roof. Four replicate speci-
mens were cut from three different seams having ages, as
reported by construction personnel, of eight days, about one
month and about four months, In this case, the EPDM sheet
(0045 inch or 1.1 millimeter thick) was a different brand
name product than those tested in the two previous cases.
The adhesive was again a butyl rubber-based product that
cured over tine.

Tpeel tests of bond strength were conducied at the job
site using portable test equipment, The results are given in
Figure 6, where it is evident that the average Tpeel strengths
increased with an increase in specimen age. For the eight
day, one month and tour month ages, the average strengths
were 1.5 2.0 and 30 foot pounds per inch (068, 061 and 1.4
kN/m), respectively, with coefficients of variation of 10, 36
and 15 percent. Statistical analysis indicated that the increase
in strength with time was significant. It may have been due
1o continued cure of the adhesive over the four-month time
period.

As measured in the field, the bond strengths of specimens
in the three age groups were considered low in comparison
to those of some scams prepared in the laboratory using
cleaned rubber (see previous discussions). This ubservation
raised questions such as whether these field seams were fabri-
cated using EPDM that was not acceptably cleaned, whether
the cure of the adbesive in the field was unexplainably
retarded (o yield the observed low bond strengths or perhaps
both. The delamination of the eight-day old seams was
primarily cohesive, indicating that the adhesive had low
strength. Conversely, the delamination of the one-month and
four-month specimens was primarily adhesive, indicating
that surface effects could play a role,

To provide points of comparison of expected bond strengths
of this adhesivefrubber system, seam specimens were pre-
pared in the laboratory using cleaned and uncleaned EPDM
sheet {060 inch or 1.5 millimeter thick[®]), having the same
brand name as the product from the field. The cleaning was
accomplished by washing with reagent-grade hexane.

These seam specimens were allowed (o cure at room tem-
perature for either eight or 32 days before Tpeel tests were
conducted. These periods were equal to the ages of the two
younger specimens cut from the roof. Five replicate speci-
mens were tested for each given condition of time and tem-
perature. ‘The coefficients of variation ranged from 6 to 9
percent.

The results of the laboratory Tpeel tests are given in Figure
6 to allow comparison with the data from the field samples.
The cleaned specimens achieved a bond strength of about
8 foot pounds per inch (36 kN/m), As is evident in Figure
6, the laboratory results showed a noticeable negative effect
(te., lower strength) due to lack of surface cleaning. This ef-

fect was statistically significant at the 001 level. In this case,
the average strengths of the undeaned laboratory specimens
were about one half those of the cleaned specimens. No ef:
fect due to cure time was vbserved, apparently because the
tests were conducted at times when the cure is mainly com-
plete. The strengths of the ficld specimens were markedly
lower than those of the uncleaned laboratory specimens
(Figure 6). For example, after eight days cure, the strength
difference was about a factor of three. Although these data
hinted that the surface of the rubber in the field seams may
not have been properly cleaned, it was not definitive. For
example, as previously indicted, the eight-day-old field speci-
mens fuiled cohesively, indicating that the cure of the adhe-
sive muy have contributed to the low strength,

SEM analysis was conducted to assess the condition of the
rubber surfuce of some delaminated field specimens. Three
SEM specimens were prepared, one from a scam of each of
the age groups. The microscopy results were comparable for
the three. The photomicrographs indicated platy particles
(indicative of a talc]ike relcase agent) covering the surface
of the rubber. Figure 7 presents an example and compares
it to a rubber specimen cut from the roof and cleaned on
its top surface (brushed with detergent and water and then
wiped with hexane). The presence of particles on the delami-
nated seam specimen is quite evident (Figure 7A}; whereas
the cleaned specimen only shows the rubber surface (Figure
7B). Consisient with the previously obtained data on the
negative effect of not removing the release agent on bond
strength, it was considered that the particles remaining on
these field specimens contributed, in part, to their observed
low seam strengths (Figure 6). The investigation was not
broad enough to determine whether other effects, if any, also
played a role.

SUMMARY
This paper presents the results of laboratory and field in-
vestigations conducted to obtain data in support of develop-
ment of a method to assure the quality of adhesive-bonded
seams of single-ply membranes. The prime factors investigat-
ed were surface condition of the rubber, the temperature of
the rubber at the time of adhesive application and cure time
of the adhesive. A summary of the key findings are as follows:
® The laborutory data indicated that the Tpeel test is sen-
sitive for use in a field methodology for quality assurance
of seams. Based on the laboratory results, it appeared pos-
stble to conduct the Tpeel tests within a day (or perhaps
less) of seam formation and to find significant differences
in bond strength due to lack of proper surface cleaning
of the rubber. Data from ficld applications are needed to
demonstrate whether such differences ure found on the
jub at one day’s time or less.
® Seams sampled from two buildings in the Washington,
DC., area were found to have low bond strengths, as com-
pared to seams prepared using cleaned rubber. These field
specimens were also observed to have particles on the rub-
ber surface indicative of release agent. It was considered
that the particles contributed to the measured low strength.
® In a laboratory experiment, washing the EPDM with the
prescribed wash solution did not 1otally remove the release
agent. The peel strengths of these specimens were high in
comparison to comparable specimens prepared using un-
clcaned rubber. Reasons why the wash did not completely
remove the release agent were not determined.
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= In one ot the ficld studies, the seams from ditferent sec-
tions of the roof had strengths that increased with speci-
men age. For all these specimens, the strengths were low
in comparisorn 1o comparable specimens prepared in the
laboratory using cleaned rubber: It was questioned whether
unexpectedly slow (even under cool conditions) cure of the
adhesive in scrvice contributed (o the low strength, in ad-
dition to the particles found on the rubber surface.

= Because of the unexpected findings of the study (e.g., the
lack of complete removal of release agent due to washing),
it was suggested that further investigation of the surface
chemistry of the rubber. release agent and achesive systemn
is needed in the development of the proposed methodology.
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NOTES

['] The adhesive was kept al room temperature lor the 73 and
158 F (23 and 70 C) conditions; whereas it was cooled w 32 F
(0 () when the rubber was at this remperature. The reasoning
was thar, in practice, the adhesive may not reach the high tem-
perature because it can Le shivlded [1om direct solar radiation,
but it could cool 0 the low one as the air winperature drops.

[2] The toof was the responsibility of the US. Army Corps of En-
gineers, which arranged for the ficld sampling and provided
samples of the rubber and adhesive having the brand pame
of those uscd for the roof construction,

[*] [nn this test, a stnall sample of the compound is burnt on a picce
of copper using a laboratory gas flame. H a hulide {eg. chio-
rine) is present, a green flame is produced.

[*] This rerminclogy is used throughout the report to describwe
these specimens.

[*] Four replicate good and bad specimens (10 sets) were cut at
cach sample location, providing a totd of 10 specimens. The
individual specimens comprising each sct were sampled within
a few inches of each other 1o allow repair of the cut with asin-
gle patch.

[} A comparable sample of 0045 inch (1.1 millimeter} wis not avail-

able, For purposes of the comparison imtended, the difterences
in sheet thickness were not considered important,
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Sample? Sample Strength, Ibffin. (kN/m) COV Sign®

No. Set Range Average 5.D. % Diff.

Gl 1 26-32 2.8 (1,27 9.7 Yes
(046 - 0.56) (0.49) (©.047)

Bl 1.2 - 2.0 1.6 (.42 26
(.21 - 085 (0.28) {0.0%4)

G2 2 25 -3¢ 2.7 .34 12 No
(.44 - 0.56) (.47} (.060)

B2 09-24 1.4 0.66 3h
(016 - 0.4 {0,333 (.12}

(e 3 1.2 - 2.1 l.6 (.44 27 No
©.21 - 0.37) {0.98) {0.077)

B4 1.7 - 2.1 2.0} .18 9.4
{030 - 0.37) (0.35) (0.032)

G 1 21-27% 2.5 0.31 12 No
(0.37 - 0.47) (0.44) (0.054)

B4 1.2-22 1.8 (.46 25
©.21 - 0.39) (0.32) (0.081)

h 5 1.4 - 2.8 2.3 (.38 17 Ner
{0.33 - 0.4Y) (.40 (0.067)

B5 23-28 2.5 .26 11
(040 - 0.49) 10.44) {0.046)

All 1.2 -39 2.4 0.51 21 Yes

Good (.21 - 0.56) (0.42) (089}

All 0.9 .28 1.9 0.48 25

Bad {0.16 - 0.49) {(2.33) {1.O84)

All 0.9.32 2.2 (.54 25

Specimens (0.16 - (.56 {0.59) (0.045)

1. Average of [our measurements, unless otherwise indicated.

2. G and B refer o “good”™ and “bad,” respectively: see text for explanation.

3. The column indicates whether a significant ditference was tound at the 0.05 percent significance level between pairs of good and
bad specimens.

4. Average of three measurements.

Table I Results of T-pueel tests of the field samples’

Variable Conditions
Cure Temperature 7% or 158 F (23 or 70 C): the high temperature cure included the first day at room lemperature in
order to minimize a risk of damaging the specimens due to rapid adhesive solvent release
Cure Tiune 7 or 14 days
Surtace Condition cleaned or uncleaned; cleaning was done according te the preseribed directions using the
of the Rubber proprietary solvent for the particular EPDM/adhesive system

Table 2 Conditions used in the preparation of the Inboratory samples tncluded in the Case 11 study

Number Analyzed Description of Specimen and Conditions of Preparation
2 Delaminated field seam; cut from roof
1 Delaminated laboratory seam; rubber was cleaned by wiping with a cloth saturated with the
proprietary wash solution, and seam was cured (wo weeks at 138 T (70 ()
| Delaminated laborutory seam; rubber was uncleaned and seam was cured two weeks at 158 F (70 C)
1 Rubber sheet that had not been fabricated inro o seam; it was cleaned by scrubbing with detergent

and water followed by washing with hexuane!

1 Rubber sheet that had not been fabricated into a scam; it was uncleaned or as received

Table 3 Specimens subjected to SEM analysis in the Case 1 field study.
— The scrubbing with detergent and water has been found by the authors to be an efficient means for removing the release agen! from the surface of
the rubber sheet
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"Cohesive-like" failure through adhesive void

Surface Condition
Uncleaned, 32°F(0°C)  ------#-oe-
bonded at  73°F(23°C) — —e——
o 158°F(70°C) ----m---- 1is
B Cleaned, 32°F(0°C) - —o0— — . . _
bondedat  73°F(23°C) ——o-— - Adhesive failure
158°F(70°C) —o0— __ —— €
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Surface of the rubber

TIME, hours
. 3 i Figure 3 A strip of rubber from a delaminated seam showing residual
IR ; s UJ.r sw;face cond;twn_ (cleaned versus uncleaned), temper- adhesive that failed adhesively and cohesively through two voids in the
ature during application and cure time on the bond strength of EPDM adhesive layer. Note that the majority of the surface area has no adhesive
seams (Case I) on it
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Figure 4 Peel strength of EPDM field seams as determined for Case II.
The results are compared to those determined for the laboratory specimens
prepared and cured under varying conditions

&

Figure 2 SEM photomicrographs at x500 magnification of the EPDM
sheet used in the laboratory study (Case I): (top) the specimen was uncleaned,
and (bottom) the specimen was cleaned
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Figure 6 Peel strength of EPDM field seams as determined for Case I11.
The results are compared to those determined for the laboratory specimens
prepared and cured under varying conditions

Figure 5 SEM photomicrographs at x500 magnification of selected EPDM
sheets used in the Case II study: (top) an as-received specimen, and (bot-
tom) a specimen taken from a delaminated seam cut from the roof
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Frgure 7 SEM photomtrrogmphs at x500 nmgngﬁmtmn of select-
ed EPDM sheets used in the Case III study: (top) a contaminated
specimen from the roof, and (bottom) a specimen from the roof that
was cleaned in the laboratory

APPENDIX: GENERAL EXPERIMENTAL PROCEDURES
Seam Preparation
In all cases, commercially available, non-reinforced EPDM
sheet was used in the study. For each of the three cases (Cases
I, IT and III), a different brand name EPDM product was in-
volved. All sheet products were dusted by the manufacturer
with a talclike release agent. For all tests, the EPDM sheets
were cleaned according to prescribed procedures, unless an
uncleaned surface condition was being investigated. For Cases
I and 11, proprietary solvent solutions, available specifically from
the sheet manufacturers for their products, were used to clean
the rubber surfaces; for Case III, hexane solvent was used.
Proprietary butyl-based contact adhesives, in each case
specific to the individual EPDM sheet, were used to form
the seam specimens. The adhesive was applied to the sheet
within one hour after the cleaning. Within a minute after
formation of the seam, the specimen was placed in a labora-
tory press for four to five seconds at 100 foot pounds per
square inch (0.7 MPa) pressure. The seams were then allowed
to cure in the laboratory at temperatures and times described
in the main body of the report.

T-Peel Tests

T-peel tests were conducted according to the procedure
described in ASTM D 1876, “Standard Test Method for Peel
Resistance of Adhesives (T-Peel Test)” [Al], except that the
load was applied at a constant rate of 2 inches per minute
(50 millimeters per minute). Most laboratory tests were con-
ducted using a common universal testing machine. In these
cases, the length of the specimen bond delaminated in the
Tpeel test was approximately 7 inches (175 millimeters). The
testing machine was equipped with a microcomputer, which
was used to calculate the average peel force per unit speci-
men width. The average peel strength was calculated for each
specimen over the length of the dlsplau,mun (after pass-
ing the initial peak), and not over only b inches (125 mil-
limeters) as given in ASTM DI1876.

Some Tpeel tests were also conducted at the same rate
using a portable T-peel testing machine. In this case, the speci-
men length was 6 inches (150 millimeters), and specimen
delamination was carried out for 3 minutes. Because some
elongation of the rubber occurred during testing, the speci-
mens did not totally delaminate during tests. The test
machine was equipped with microcircuitry that calculated
the average peel strength of the specimens during testing.

Scanning Electron Microscopy (SEM) Analysis

The rubber specimens for SEM analysis were cut, either from
the sheet material or from delaminated seam specimens, into
squares having about 03 to 04 inches (8 to 10 millimeters) sides.
The cut rubber pieces were adhered to SEM specimen mount-
ing stubs with an epoxy adhesive. The mounted rubber speci-
mens were sputter coated with a nominal 8 times 10~7 inches
(20 millimeters) gold conductive film to prevent surface elec-
tron charging during SEM analysis. The surfaces were exa-
mined in the SEM using an acceleration voltage of 30 kV and
examined at magnifications from x20 to x1000. Photographs
were generally taken at x100 and x500 magnifications.

Appendix Reference
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