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Thermoplastic polyolefin membranes have been successfully used in the low-
slope roofing industry as single-ply membranes for over 15 years and have seen wide-
spread acceptance as they have proven their performance. However, not every mem-
brane is appropriate or suitable for every installation, and this presentation will pre-
sent key criteria that are indicative of expected performance for thermoplastic poly-
olefin membranes when installed in a variety of conditions. These criteria, combined
with those defined by ASTM D6878, can assist in evaluating commercially available
products and the particular installation where they may be appropriate for use as a
roofing membrane.
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Thermoplastic polyolefin
roofing membranes are now

enjoying widespread acceptance
in the U.S. roofing industry.
Widely distributed since the early
1990s, TPO system sales are now
growing at double-digit rates, with
recent sales exceeding 1 billion sq
ft per year. In fact, as a significant
number of installations are reach-
ing ages of 15 years and higher
without issue, TPO is increasingly
regarded as a mature technology
having very acceptable perfor-
mance.

As any product matures in its
use, so does experience in deter-
mining what can be used as able
predictors of performance. Not
every roofing membrane is appro-
priate or suitable for every type of
installation or variety of exposure
conditions. In addition, as the
market matures, membrane man-
ufacturers continue to develop the
polymer formulations and work to
optimize performance through the
use of various antioxidants, ultra-
violet light stabilizers, and pro-
cess aids. The evaluation of im-
proved membrane formulations
and the comparison of commer-
cially available membranes are
both critical to the roofing indus-
try to ensure that products
offered will perform as expected.

TPO membranes have been
defined by ASTM standard
D6878, the d Specifica-
tion for Thermoplastic Polyolefin-
Based Sheet Roofing,” which was
developed by subcommittee
D08.18 on Non-Bituminous Or-
ganic Roof Coverings. The devel-
opment of this standard was a
breakthrough for these materials’
gaining acceptance, as it set min-

imum thresholds for predicting
performance. While the ongoing
development of TPO membranes
uses D6878 as the basic stan-
dard, other criteria have also been
used by individual membrane
manufacturers to further improve
confidence in TPOs’ expected
long-term performance.

As will be discussed here,
ASTM D6878 largely considers
the performance of a TPO mem-
brane in isolation from other sys-
tem components. However, other
materials that come into contact
with the membrane, such as
primers and adhesives, can affect
long-term performance. This pa-
per presents key criteria that are
indicative of expected perfor-
mance for TPO membranes when
installed in a variety of conditions
both in isolation and in contact
with other components. These cri-
teria, combined with those al-
ready defined by ASTM D6878,
will place roof consultants, speci-
fiers, property owners, and roof-
ing contractors in a much
stronger position to evaluate com-
mercially available products and
the particular installation that
they are considering for the use of
a TPO membrane.

TPO, as used in the roofing
industry, generally refers to elas-
tomeric ethylene/propylene copol-
ymers. These polymers usually
consist of some fraction of PP

PE
BCPP lock copolymer poly-
pr and a rubber phase
such as EPR opylene

EPDM
EO or EB

The types of catalyst and poly-
merization conditions determine
the sequence of chirality in the
chain, as in atactic, syndiotactic,
or isotactic, as well as average
block length, molecular weight
and distribution. These character-
istics in turn govern the micro-
structure of the material.

The roofing industry initially
used a single polymer to achieve
the performance attributes de-
sired in the finished product.
More recently, a number of sup-
pliers have started to use blends
of polymers, formulated to give
the same properties. The compo-
nents are blended together at 210
- 270 °C under high shear. A twin
screw extruder or a continuous
mixer may be employed to achieve
a continuous stream, or a
Banbury compounder may be
employed for batch production. A
higher degree of mixing and dis-
persion is achieved in the batch
process, but the superheated
batch must immediately be pro-
cessed through an extruder to be
pelletized into a transportable
intermediate.

As with metal alloys, the prop-
erties of a TPO product depend
greatly upon controlling the
microstructure. PP and PE form
semicrystalline structures with
crystalline or spherultic regions of
varying size, and an amorphous
phase. The exact microstructures
present are a function of both the
polymerization process and, in
the case of a blended material, the
polymers used.

If PP and PE are the dominant
component of a TPO blend then
the rubber fraction will be dis-
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persed into a continuous matrix
of polypropylene. If
the fraction of rubber is greater
than phase inversion may
be possible when the blend cools,
resulting in an amorphous con-
tinuous phase and a crystalline
dispersed phase. This type of
material is nonrigid and is some-
times called TPR for thermoplastic
rubber.

A key performance criterion
for TPO roofing polymers is heat
weldability. A flexible grade of pol-
ypropylene copolymer having a
modulus between that of impact
polypropylene and EPDM is desir-
able for TPO roofing membrane
application.

The growth of TPO use in the
roofing industry has not been
without issues. Supply of suitable
grades of the base polymers has
been limited to just one or two
manufacturers. This has resulted
in some membrane suppliers at-
tempting to blend a range of poly-
mers and rubbers to achieve
equivalent properties and leverage
their purchasing position. Also,
there are a range of antioxidant
and UV stabilizers that can be
used for TPO. As a result of these
and other factors, membrane sup-
pliers have had to develop meth-
ods to screen formulations and
predict long-term performance for
a fairly large array of possible
chemical and polymer inputs.

Conventional TPO roofing
membranes are white, with a
solar reflectance typically
>0.70. Gray- and tan-colored
membranes have also been avail-
able for a number of years, and
these membranes are a small but
significant piece of the TPO mar-
ket. Additionally, in recent years,
several manufacturers have intro-
duced a range of colors to com-
pete with metal roofing and to
offer the building owner a range of
aesthetic choices.

Clearly, colored membranes
will have lower solar reflectance in
the visible region of the solar
spectrum than the white version.
Less obvious is that most pig-
ments and dyes used to obtain
color also absorb significant parts
of the thermal sections of the
solar spectrum. This results in
colored membranes getting much
hotter during periods of daylight,
depending on the darkness of the
color, compared to white. The
increased heat load caused by
this absorption places much high-
er demands on the stabilizer
packages that are incorporated to
protect against degradation due to
thermal loading and ultraviolet
radiation visible light, and
oxidation.

Polymers such as TPO are
sensitive to UV radiation and
must be stabilized. For roofing
membranes, this is typically
achieved by the use of some com-
bination of various types of UV
stabilizers. Usually, UV stabilizers
can be classified into three type:,
hindered amine light stabilizers

UV absorbers, and UV
screeners.

Hindered amines are chemical
compounds containing an amine
functional group surrounded by a
crowded steric environment. In-
troduced in the 1970s, HALS do
not absorb UV radiation, but act
to inhibit the degradation of the
polymer by reacting with or scav-
enging any free radicals present.
Such free radicals are formed by
the action of UV radiation and/or
heat on the materials within the
membrane and, if left unchecked,
may attack the polymer in a cas-
cading sequence of reactions
which generate more radicals.

UV absorbers function by
absorbing UV radiation and dissi-
pating it as thermal energy. Most
common UV absorbers used in
the polymer industry are deriva-
tives of benzophenone and benzo-

triazole. By carefully selecting the
substituent, the maximum ab-
sorption level and effective wave-
length range can be optimized.
Typically, relatively high concen-
trations of UV absorbers and suf-
ficient thickness of the polymer
membrane are required before
enough UV absorption takes place
to effectively retard photodegrada-
tion of the polymer.

UV screeners such as titani-
um dioxide iO2 act by scattering
incident UV light and preventing
it from penetrating deeply into the
polymer. Scattering results in a
significant fraction of the incident
UV light being emitted back from
the surface. Clearly, the use of UV
screeners is a very practical
approach for white TPO mem-
branes. However, for colored TPO
membranes, it is often impossible
to achieve certain colors without
either eliminating the TiO2 or
greatly reducing the level. This is
because screeners are not very
selective and a significant portion
of visible light is also scattered
back, causing a much lighter
shade of color than may be
desired.

Although antioxidants are not
considered to be UV stabilizers,
they should be included in this
discussion due to their impor-
tance in contributing to long-term
weathering performance. Like
other organic materials, TPO poly-
mers react with oxygen in a
process called idation.”
Autoxidation is initiated by heat,
light, mechanical stress, catalyst
residues, or reaction with impuri-
ties. Hydroperoxides gen-
erated from autoxidation set off a
chain reaction that accelerates
oxidation degradation. Conse-
quently, it is necessary to include
antioxidants into the UV stabilizer
package to disrupt the oxidation
cycles. In fact, there is consider-
able anecdotal evidence that high
exposure temperatures either
directly cause degradation or
accelerate other degradation
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mechanisms such as those
caused by UV light. The types of
antioxidants include hindered
phenol, secondary amines, hydro-
xylamine, lactones, and organo-
phosphorus compounds.

As previously described, in the
real world, TPO membranes are
used in conjunction with some
combination of adhesives, pri-
mers, and caulks. Importantly,
even though less than of
installations are fully adhered,
almost all use caulk and/or cut-
edge sealant. It should be noted
that while there exist well estab-
lished specifications and test
methods for the behavior of these
materials in isolation, there are
not test methods that assess the
suitability of these materials in
conjunction with TPO mem-
branes.

This standard specification
necessarily describes the overall
construction of TPO roofing mem-
branes. For example, physical
dimensions with tolerances are
given, together with a requirement
that the sheet be fabric-reinforced
and the polymer greater than
by weight of alpha-olefin poly-
mers, copolymers, and mixtures
thereof. In addition to the con-
struction, the physical require-
ments are shown in .

It is important to recognize
that the standard was developed
to set a minimum specification
thought by industry experts to
provide for an acceptable mem-
brane life under most conditions.
However, that lifetime was not
defined nor was there a significant
amount of real-world exposure

history. Industry warranties at
the time the standard was devel-
oped typically ranged between 10
and 15 years.

Clearly, all of the physical
requirements specified in ASTM D
6878 contribute to membrane
performance over its lifetime.
However, only the ozone resis-
tance, heat aging, and the weath-
er resistance directly measure
membrane performance after
exposure to the kind of environ-
mental challenges that would be
seen in the real world, i.e. heat,
light, and moisture. Each of these
is discussed in more detail below.

Membrane specimens are
wrapped around a 75-mm diame-
ter mandrel for 166-hour expo-
sure to 100 mPa ozone in air at
40°C The specimens are
then inspected at 7X magnifica-
tion while still on the mandrel, an
absence of cracks constituting a
pass.

The ozone resistance test is an
indicator of the ability of the TPO
formulation to withstand attack
by ambient ozone concentrations,
is a measure of the underlying
polymer resistance to attack, and
provides a qualitative measure of
the antioxidant capacity of the
membrane formulation. In the
view of these authors, the ozone
test specified by ASTM D 6878 is
sufficiently stringent for several
reasons:

• The Environmental Protec-
tion Agency has been
successful in bringing about
reductions in peak ozone
concentrations in many
urban areas of the nation. In
May, 2008 the EPA again low-
ered the allowable level of
ozone to 75 from 84 parts per
billion, over an 8-hour period.

• Ethylene/propylene polymers
are generally regarded by the
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OZONE RESISTANCE 
(ASTM D 6878, D 1149) 

(104°F). 

Table 1 – Physical Requirements for TPO Sheet Roofing 

Thickness, min., mm (in.) 
Sheet – overall 
Coating over fabric or scrim, weathering side only 

Breaking strength, min., N (lbf)
 

Elongation at reinforcement break, min., %
 

Tearing strength, min., N (lbf)
 

Brittleness point, max., °C (°F)
 

Ozone resistance, no cracks
 

Properties after heat aging: (retained values)
 
Breaking strength, % min.
 
Elongation at reinforcement break, % min.
 
Tearing strength, % min.
 
Weight change (mass), max. %
 

Linear dimensional change, max., % 

Water absorption, max., mass % 

Factory seam strength, min., N (lbf) 

Weather resistance: (retained values) 
Visual inspection 

1.0 (0.039)
 
0.305 (0.012)
 

976 (220)
 

15
 

245 (55)
 

­40 (­40)
 

Pass
 

90 
90 
60 (EPA) 
+/­ 1 

+/­ 1 

+/­ 3.0B 

290 (66) 

Pass 

A. ASTM D6878 
B. Test performed on top coating material only 
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chemical industry as having
excellent resistance to attack
by ozone. The TPO polymers
used by the roofing industry
all have essentially equivalent
ozone resistance.

In addition, there are better
and more relevant tests of oxida-
tion resistance than the ozone
test. UV radiation and heat,
together with atmospheric oxy-
gen, can be especially destructive
in combination. For this reason,
these authors prefer to use tests
that combine these challenges, as
described later.

To be ASTM D 6878-compli-
ant, a TPO membrane has to be
exposed in a Xenon Arc WOM for
a minimum radiant exposure of
10,080 kJ/m2 at 340 nm without
any visual microcracking under
7X magnification. According to
ASTM D 6878 and G 155, the
Xenon Arc WOM shall be operated
in accordance with the exposure
conditions in the box below.

In the previous version of
ASTM D6878, the radiant expo-
sure requirement was 5,040
kJ/m2, versus the present re-
quirement of 10,080 kJ/m2.
However, although the exposure
was less, there was an additional
requirement that the samples
retain of the original break-

ing strength and elongation at
reinforcement break.

The doubling of the radiant-
exposure requirement was a rec-
ognition that the lifetime expecta-
tions for TPO membranes are in-
creasing. Also, the eventual fail-
ure mode was not expected to be
strength related, but rather
cracking and erosion of the sur-
face to the point that a breach
would occur through the entire
membrane.

Specimens are aged for 670
hours at 116°C and then
tested for physical property reten-
tion as indicated in .

As discussed earlier, ASTM
D 6878 was a breakthrough for
TPO membranes’ gaining accep-
tance. It set a minimum threshold
for acceptable performance for the
newly developed membrane mate-
rial. More recently, three factors
have come into play that have

caused membrane manufacturers
to look beyond the D 6878 thresh-
old in order to continue to guar-
antee acceptable performance.

First, as confidence in the
material has increased, so has the
willingness to extend warranty
periods. Since membranes are

exposed to a wide range of condi-
tions across the country and,
depending on the building, the
impact of the variation in these
conditions adds to the risk for the
membrane formulator. Secondly,
as previously described, the num-
ber of available polymers and sta-
bilizers has increased significant-
ly since the first TPO membranes
were introduced. This has in-
creased the need for more dis-
criminatory testing to better un-
derstand their impacts on expect-
ed in-service performance and
length of service. Finally, there
have been concerns that some of
the materials such as caulks and
adhesives could interact with a
TPO membrane in such a way as
to compromise its long-term per-
formance.

For these reasons, additional
testing is being done by roofing
material manufacturers, and fol-
lowing are some key techniques
that have been used to evaluate
TPO membranes.

An issue with laboratory-
based accelerated xenon-arc wea-
thering is that the light sources
used do not perfectly replicate the
solar spectrum. Therefore, this
technique uses accelerated out-
door aging, where the sun’s light
is multiplied through the use of
mirrors.

In the example shown, an
accelerated outdoor aging study
program for three to four years
was set up with Q-Lab Corpor-
ation in Buckeye, AZ. Its Q-Trac
natural sunlight concentrators
with water spray cycles per ASTM
G90, also called EMMAQUA test

mount with mirrors for
acceleration with are used
to simulate southern Florida ex-
posures.

The Q-Trac natural sunlight
concentrator automatically tracks

ACCELERATED WEATHERING 
TEST WITH XENON ARC 
WEATHEROMETER (WOM) 
(ASTM D6878, G 155) 

Heat Aging
 
(ASTM D 6878, D 573)
 

(240°F) 

Table 1 

ADDITIONAL TEST CRITERIA 
FOR PERFORMANCE 
PREDICTION 

Accelerated Outdoor 
Weathering Test with Q­Trac in 
AZ (EMMAQUA Test in AZ) 

Filter Type: Daylight 
Irradiance: 0.35 to 0.70 W/m2 at 340 nm 

(42 to 84 W/m2 at 300 to 400 nm) 
Cycle: 690 min light, 30 min light plus water spray 
Black Panel Temperature: 80 ± 3ºC 
Relative Humidity: 50 ± 5% 
Spray Water: Deionized 
Specimen Rotation: Refer to ASTM G 155 
Radiant Exposure: 10,080 kJ/m2 at 340 nm 

(604.8 MJ/m2 at 300 to 400 nm) 
Inspect at 7X magnification for aging 

(equatorial 
water), 

90% 
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the sun from morning to night
with solar sensors located above
the target board. At the same
time, it uses a series of ten highly
reflective mirrors to reflect and
concentrate full-spectrum natural
sunlight onto test specimens.

With the maximized amount of
sunlight exposure received by the
test specimen, this tracking solar
concentrating system allows prod-
uct weathering evaluation in a
greatly reduced time period. Also,
since the Q-Trac’s light source is
natural sunlight, there is less
concern over whether the simu-
lated light matches sunlight than
is the case for the accelerated
Xenon Arc WOM. The Q-Trac sys-
tem is shown in .

The sunlight is reflected/con-
centrated by ten mirrors directly
to the target sample board.

With the solar energy tracking
device on Q-Trac, it shows that
about 1420 MJ/m2 total ultravio-
let is produced annually for
Q-Trac. It is about the same
amount of UV deposited over five
years of Florida MJ/m2 or

years of Arizona exposure
and

show TUV of FL vs. AZ and irra-
diance level of Miami sunlight vs.
Q-Trac.

Many roofing mem-
brane manufacturers
employ re
farms” to gain real
world data. These sim-
ulated roofing struc-
tures, while not pro-
viding any long-term
predictive value, do
enable side-by-side
comparisons of differ-
ent membranes to be
made under identical
conditions. Also, data
relating to dirt and de-
bris build-up, such as
solar re-
flectance,
can be ob-
tained.

Two different UV stabilizer
packages were compared
using the Xenon Arc WOM.
The unit was operated in
accordance with D 6878, but
the samples were retained in
the unit until failure. The first
was referred to as a standard
stabilizer package and used at
a single concentration. The
second was an advanced sta-

bilizer package, A, formulated to
provide significantly greater UV
protection. This advanced Pack-
age A was incorporated at three
different concentrations, referred

Real­Life Field 
Exposure 

“exposu 

Table 2 – Total ultraviolet radiation 
(TUV), measured between 295 ­ 385 nm. 

Figure 1 

Figure 1 – Q­Trac natural sunlight con­
centrator. 

Figure 2 – The Q­Trac concentrates natural sunlight 
onto specimens, producing five times the TUV of one 
year in Florida. 

TESTING, RESULTS, 
AND DISCUSSION 

Comparison of UV Stabilizer 
Packages by Xenon Arc 
Weatherometer Testing to 
Failure 

(TUV) 

4¼ 
(1665 
2 

MJ/m2).

(1400 

Table 2 

) 

Figure 

Figure 3 – Real­life field exposure 
farm. 
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to as low, medium, and high, into
a dark green colored membrane.
As previously discussed, due to
their lower solar reflectance, it
can be expected that dark-colored
membranes will reach higher tem-
peratures, and therefore, weather
faster.

The maxi-
mum radiance
levels leading
to the occur-
ring of the
microcracking
or failure of
the colored
TPO mem-
brane were re-
corded and
are shown in

. Ac-
cording to
ASTM D 6878,
10,080 kJ/m2

is the accept-
able minimum
radiance level
at which no
microcracking
or failure
should be ob-

served on TPO membrane with
Xenon Arc WOM exposure.

shows that the ad-
vanced UV stabilizer package even
at the low level outperforms the
standard UV stabilizer package at
a high level for a dark-colored

TPO membrane. However, both
are unacceptable, while the medi-
um and high levels of Adv Package
A could be considered to be suit-
able for use. By testing to failure,
it can be seen that the higher con-
centration offers a significant
margin of safety over the medium
concentration level.

In this study, the previous Adv
Package A was slightly modified
by adjusting the ratios of the com-
ponents to produce three other
versions: B, C, and D. These were
formulated into red-colored mem-
brane samples for testing. By test-
ing to failure using the D 6878
procedure, the results shown in

were obtained.

As can be seen, although
packages C and D are preferred
over A and B, no difference can be
seen between A and B. Figure 6
shows the impact of the same
advanced UV stabilizer packages
on the colorfastness of the red-
colored TPO membrane samples
via Q-trac accelerated aging test-
ing in AZ per ASTM
G90.

In , it can clearly be
seen that UV package A is not as
effective as the other three UV
packages in terms of providing
color protection to the membrane.
By comparing the Xenon Arc data
together with the EMMAQUA col-
orfastness result, the preferred
package is D. Since color shifts
are somewhat dependant on the
original color, it would be difficult
to specify a stabilizer based on
color shift. However, the measure-
ment of color enables a compari-
son to be made for a more precise
determination of the best stabiliz-
er package and level.

Another example of using col-
orfastness to monitor the effec-
tiveness of UV stabilizers involved
a competitive comparison of col-

Figure 4 – Impact of UV stabilizer package types 
on green­colored TPO membrane integrity. 

Comparison of UV Stabilizer 
Packages by EMMAQUA 

Figure 4 Exposure and Color Testing 

Figure 5 

Figure 4 

(EMMAQUA) 

Figure 6 

Figure 5 – Impact of advanced UV stabilizer packages on red­
colored TPO membrane integrity. 
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ored TPO membranes and
coated metal. com-
pares the colorfastness, mea-
sured as Delta E, between
companies A and B TPO mem-
branes, and company C’s col-
ored metal, via the accelerated
outdoor aging test or

in AZ.

As can be seen, the Com-
pany A TPO stability is superi-
or to both the Company B TPO
and the coated metal samples.
It is important to note that the
colorfastness is an indicator
of the overall system stability.
Color change can occur as a
function of both pigment fade
and degradation of the poly-
mer. Polymer degradation
leads to surface oxidation and
chalking.

While the value of testing to
failure has been shown using the
example of stabilizer level deter-
mination, greater differentiation
is provided by examining the
resistance to color change, as
shown in .

Comparison of the color shifts
indicates that the high level of the
advanced stabilizer package A is
significantly more effective than
the medium or lower levels.

Similarly, differentiation be-
tween the UV stabilizer package

levels can be enhanced by exam-
ining the colorfastness with or-
ganic pigments as compared with
inorganic pigments. The impact of
organic color pigments on the col-
orfastness of the green-colored
TPO membrane was studied as
shown in . With
inorganic color pigments, the
color change is largely a measure
of chalking and therefore a more
direct measure of the polymer
degradation. Chalking and sur-

* For this 9-months’ exposure on Q-Trac, TUV=780 MJ/m2, Total Radiation =
32,117 MJ/m2.

Comparison of UV Stabilizer 
Packages by Xenon Arc 
Weatherometer and Color 
Testing 

Figure 6 – Impact of advanced UV stabilizer packages on 
red­colored TPO membrane colorfastness. 

Figure 7 

Table 3 

(Q-trac 
EMMAQUA) 

Figure 7 – Impact of levels of advanced UV stabilizer on the color­
fastness of green TPO membrane. 

Table 3 – Nine months of Q­Trac or EMMAQUA test in AZ.* 

Figure 8 100% 
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face oxidation are measurable by
color change when using a dark-
colored membrane
versus the standard
white.

As has been
shown, color shifts
provide supporting in-
formation, but must
be used in conjunction
with physical property
retention to guide for-
mulation.

Three types of
weathering test tech-
niques: Xenon Arc
WOM, EMMAQUA test
in AZ, and long-term,
real-life field exposure
in south FL, were em-
ployed to test a white
TPO membrane for
long-term durability.
The tensile strength of

the tested white TPO membrane
was measured against the tensile

strength of the unaged sam-
ple. The percent retained ten-
sile strength was then calcu-
lated and the results after var-
ious lengths of exposure are
summarized in .

Compared to the Xenon
Arc WOM accelerated aging
test, the EMMQUA test in AZ
correlates better to the long-
term, real-life field exposure
in south FL. However, for the
purpose of developing and for-
mulating TPO products, the
Xenon Arc WOM is still a
proven and valuable tool for
generating useful information
that helps predict long-term
weathering performance in a
much shorter period of time.

Overlapped TPO mem-
branes are typically sealed by
hot air heat-welding. The hot
air melts the polymer at the
seam and the two strips of

membrane become fused and

Table 4 

Figure 8 – Comparison of inorganic and organic pigment colorfast­
ness impact for green TPO membrane. 

Weld Performance 

Real­Life Weathering 
Correlation to 
EMMAQUA in AZ or 
Xenon Arc WOM 

Table 4 – Percent retained tensile strength of aged white TPO membrane. 
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bonded with gentle pressure.

There are two sets of forces
constantly working to damage the
roofing seams. Wind uplift at-
tempts to peel the seams apart.
Building movement attempts to
pull the seams apart in a shear-
type mode. High heat seal or weld
strength provides high wind resis-
tance for the roof and waterproof-
ing over the life of the membrane.

ASTM D 6878 sets a minimum
factory seam strength to address
building movement and system
expansion/contraction. Peel
strength, ply adhesion in the
90° dir on the other hand,
is not in the D 6878 specification,
but is often measured by testing
agencies as an indicator for wind
uplift performance.

In addition to the strength
measurements, weld quality is
characterized by the peel failure
mode. The peel failure mode of
welded TPO membranes is
defined as the percent film tear
bond which is measured
by the amount of scrim expo-
sure when subjected to a peel
strength test. An FTB of
indicates perfect welding and

FTB indicates no acceptable
welding. shows exam-
ples of peel failure modes of weld-
ed TPO membranes.

In practice, TPO membranes
may be stored for significant peri-

ods of time before installation on
a roof. To evaluate TPO long-term
heat weldability, membranes can
be subjected to accelerated aging
prior to performing welding tests.
In the field, welding happens rela-
tively quickly after the membrane
is laid down. For this reason,
accelerated aging prior to weld
testing is focused on heat aging.
In the test results shown here,
two TPO membranes were heat
aged in a dry oven at 158°F for
one and four days to simulate
membranes that were stored prior
to installation on the roof. The
TPO membranes were then heat
welded with an automatic welder
and tested for heat seam peel
strength. The seam peel strengths
of fresh and aged TPO membranes
are shown in .

The results shown in
indicate that the commercial TPO
membrane has a 90° peel strength
of ≥ 50 lbs/linear inch, even after

four days of aging,
whereas the alter-
nate TPO mem-
brane has only half
these values, and
they deteriorate ra-
pidly after one to
four days.

Although labo-
ratory testing can
indicate satisfacto-
ry welding of a TPO
membrane, there
can be a concern
that actual job-site

conditions may compromise the
weldability of the material.
Automated welding equipment
allows for control of the weld
speed and temperature. Intu-
itively, as weld speeds increase, so
the temperature must be in-
creased in order to achieve melt-
ing in a shorter time. A so-called

window” exists between
cold welds welds with heat
that is not high enough, resulting
in low film tearing and
scorch/burn-through welds
with heat that is too

A TPO roofing membrane with
a wide welding window, especially
one that enables high weld speeds
to be achieved, is highly desirable.
A wide welding window offers con-
tactors better assurance of a suc-

cessful welded seam, regardless of
ambient conditions.
shows the results of a laboratory
welding window evaluation for
three commercial TPO mem-
branes. The shaded areas corre-
spond to those speeds and tem-
peratures that result in both D
6878 compliant seam strengths
as well as FTBs. As can be
seen, not every TPO has the same
welding window. Among these
three TPO membranes, TPO 3 has
the widest welding window and
therefore provides for a greater
assurance of welding success
under a range of ambient condi-
tions.

*90° Peel strength, lbs/linear in

“welding 
(i.e., 

bonds) 
(i.e., 

high). 

(i.e., 
ection), 

(FTB) 

Table 5 – Heat seam peel strength* of 45­mil reinforced TPO mem­
100% branes. 

(PLI) (ASTM D-413).
0% 
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Figure 9 – Peel failure modes of welded TPO. 
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While TPO has proven to be a
very successful roofing mem-
brane, it has not been without a
few issues. There have been some
isolated instances of premature
membrane aging, leading to a
breach of the weathertightness of
the system. Following an exhaus-
tive analysis of key examples of
such failures, it has come to be
recognized that a few of the TPO
problems reported in the field are
related to adhesive and/or caulk
interactions with the TPO mem-
brane.

To ensure maximum bonding
strength, typical TPO bonding
adhesives are contact adhesives
made of solvent- or water-based
synthetic rubber. Figure 10 shows
a catastrophic failure of water-
based, fully adhered TPO roof
after just 18 months of installa-

tion. This roof condition
was extremely rare and
harsh; before cleaning,
the roof surface was
very heavily contami-
nated with a layer of
dark-colored debris
and dust. Temperature
measurements indicat-
ed that the membrane
was reaching tempera-
tures routinely of 180 -
190˚F during the mid-
dle part of the day. The
damaged areas were
only present in patches
and regions, coinciding
with areas where a
heavy application of
water-based adhesive
was present.

Due to the high
reflectivity of TPO
membranes and rela-
tively low in-service
membrane service tem-
peratures, the TPO
adhesive industry typi-
cally evaluates adhesive
performance at elevated

temperatures by heat aging up to
90 days at 158°F. However, the

TPO membrane in expe-
rienced significantly higher tem-
peratures and the thermal stabili-
ty of the adhesive was question-
able at this higher service temper-
ature.

Since the 158°F heat-aging
test is not suitable for predicting
performance at elevated in-service
temperatures, a new combined
insulation, adhesive, and TPO
membrane accelerated heat expo-
sure test at 240°F was designed
that successfully simulated the
field failure. After 20-day heat
exposure at 240°F, the lab result
showed that areas of the mem-
brane in contact with the water-
based adhesive degraded in a sim-
ilar manner to what was seen in
the field. Doubling the adhesive
coverage rate on the membrane in
this 240°F heat-exposure test
speeded up the failure to 10 days.
It is believed that at extreme tem-
peratures, the water-based adhe-
sive breaks down to form reactive
species that can degrade polymers
in the manner shown in Figure
10. In addition, on the same roof,
membrane that was installed with
solvent-based adhesive and mem-

Figure 10 TPO 1 

TPO 2
 

TPO 3
 

Table 6 – Welding window with 100% 
FTB for commercial TPO samples. 

Combined Adhesive/Caulk and 
TPO Membrane Accelerated 
Heat Exposure Testing 

Figure 10 – Water­based adhesive fully adhered TPO failure at 
extreme temperatures. 
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brane that was mechanically
attached to insulation did not
show any degradation.

To enhance the thermal sta-
bility of the water-based adhesive
at extreme temperatures, a small
amount of thermal stabilizer was
added to the water-based adhe-
sive. This stabilizer prevented any
degradation from being observed
during testing at 240˚F.
showed the test results of a fully
adhered TPO membrane with and
without a thermal stabilizer in
water-based adhesive after 50
days of heat aging.

Product standards are used
every day by consultants, speci-
fiers, contractors, and others who
depend on their use to define
products for an intended purpose.
ASTM standard D 6878 is a good

product standard for defining
minimum thresholds for TPO
roofing membranes and serves as
the basic product standard for
this important product offering. It
is insufficient, however, as a sole
source for defining whether a
given product formulation will
perform, due to its own inherent
limitations.

Application of sound scientific
theory combined with an under-
standing of the failure mecha-
nisms for low-slope roofing mem-
branes and techniques available
to replicate these failure mecha-
nisms have resulted in the ability
of membrane manufacturers to
evaluate TPO membranes more
critically than whether it meets
the requirements to be D 6878-
compliant. These advances in
product and system testing are
the result of an industry acting
responsibly to produce and mar-

ket products that users can have
confidence will perform. Consider
the testing presented:

• Xenon arc WOM

• Heat aging

• Ozone resistance

• Q-Trac accelerated exposure

• Weathering farms

• Peel strength

As illustrated, it is the test
conditions and length of testing
that provide critical information
necessary to predict performance
as well as consideration to other
outcomes of the testing, such as
color fading. Variants in test con-
ditions and length of testing pro-
vide valuable information and are
indicative that our industry has
advanced in its understanding of
the failure mechanisms for low-
slope membranes, its develop-
ment of enhancements to produce
more user friendly products, and
its ability to predict performance
over extended periods of in-ser-
vice use.

What can contractors, consul-
tants, specifiers, and other parties
do with the information present-
ed? Some may request that man-
ufacturers incorporate specific
tests under specific conditions
and lengths of time, yet is this
practical and would not the end
result be limiting and shortsight-
ed? These authors suggest that a
better approach would be to gain
an appreciation for what types of
information are available and
make a pragmatic request for
information that is indicative that
a given manufacturer’s confidence
in their product is well founded in
data.

with thermal stabilizer in WBA
without thermal stabilizer in WBA.

(A) 
(B ) 

Figure 11 – Combined adhesive and TPO membrane heat expo­
sure test results at 240ºF. 

Figure 11 
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