
INTRODUCTION
In common with most construction 

industry practice, roofing specifiers rely on 
material specifications developed and pub-
lished by the American Society for Testing 
and Materials (ASTM). Material standards 
such as ASTM D68781 for thermoplastic 
polyolefin (TPO), ASTM D44342 for polyvinyl 
chloride (PVC), and ASTM D67543 for ketone 
ethylene ester (KEE)-based sheet roofing 
include specifications for attributes such as 
the following:

• Materials and Manufacture – Re- 
quirements for the types of polymer
and the amounts are specified in
D6878 and D4434. Both specify a
polymer content greater than 50%
by weight. In the case of D6754, it
is specified that the KEE content
should be a minimum of 50% of the
total polymer content. However, the
amount of polymer in the sheet is
not specified by D6754.

• Physical Requirements – Physical
requirements of single-ply mem-
branes can be divided into those
that characterize the initial proper-
ties of the membrane and those that
indicate resistance to stressors such
as heat, ultraviolet light (UV), and
ozone. The specifications include the
minimum sheet thickness and the
minimum thickness above reinforce-
ment fabric of the weathering layer.
In addition, a large number of prop-
erties are specified, ranging from

various strength values to heat and 
UV resistance.

• Dimensions – Roofing materi-
al dimensions are typically left for
agreement between buyer and seller,
as is the case for the PVC and TPO
standards. However, the ASTM spec-
ifications describe the length and
width tolerances and note that the
sheet must be allowed to relax prior
to measurement.

• Workmanship, Finish, and Appear-
ance – These characteristics gener-
ally relate to visual defects and such.
The membranes are required to lay
straight and be flat.

Many of the properties are measured 
using an ASTM test method. For exam-
ple, the breaking strength specified in the 
D4434, D6754, and D6878 specifications 
is to be measured using ASTM test method 
D751. Some specifiers mistakenly write 
membrane requirements in terms of the 
test method, such as, “Must meet tensile 
strength requirements of ASTM D751.” But 
the test methods do not have any require-
ments; they define sample size, number of 
samples to be tested, etc., but can be used 
for a great many materials. 

In an effort to differentiate between TPO 
membranes, for example, specifiers some-
times write requirements that are more 
stringent than the ASTM material specifica-
tion. However, going beyond the ASTM spec-
ifications does not necessarily translate to a 

membrane that will outlast others covered 
by the same basic specification. Also, due 
to manufacturing variability, a sample that, 
for instance, had a high tensile strength, 
might not actually be typical of what can be 
expected from that manufacturer. 

KEY INDICATORS OF ROOF 
PERFORMANCE

Roof issues can generally be character-
ized as short- and long-term. Short-term 
issues—especially those occurring within 
the first few years—are generally due to 
installation issues. For thermoplastic single- 
ply membranes, these include welded seam 
problems plus issues that are common to 
most roof types, such as those associated 
with flashings, details, and terminations. 

Longer-term roof membrane failure can 
be due to hidden installation issues, but 
is more frequently due to loss of integrity 
of the membrane itself. Examples include 
cracking and erosion of the membrane. 
Also, long-term failure can occur due to 
puncture of the membrane. 

The authors are not aware of any ther-
moplastic single-ply roof failure that can 
be traced to insufficient breaking or tear 
strength. In fact, as has been previous-
ly noted by Taylor and Yang,4 the initial 
properties in the ASTM D6878 TPO stan-
dard specification appear to be sufficient. 
Specifying higher individual targets for a 
property such as tear strength might actu-
ally be counterproductive, given the com-
promises that might need to be made. 
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Higher tear strength, as an example, can be 
achieved but is normally at the expense of 
cap-to-core lamination strength.

The characteristics that appear to indi-
cate long-term roof performance are as 
follows:

• Membrane Thickness is an indi-
cator of weather and mechanical
abrasion (i.e., “wear and tear”) resis-
tance, and it has a small but posi-
tive effect on puncture resistance.5,6

The National Roofing Contractors
Association (NRCA) has recom-
mended using thicker versions of
TPO membranes.7 Certainly thicker
membranes have a greater “reser-
voir” of UV and heat stabilizers per
unit area.

• Thickness Over Scrim is a measure
of the thickness above the reinforce-
ment fabric of the weathering layer.
Membrane manufacturers put sta-
bilizers into this top layer to provide
resistance to UV and heat-initiated
degradation. It could be argued that
thickness over scrim is more import-
ant than total membrane thickness
for weathering. However, total thick-
ness offers an assurance that once
the fabric is visible, there is possibly
still enough membrane to allow suf-
ficient time for repair or replacement
to be carried out.

• UV Resistance uses intense labora-
tory UV sources that mimic the sun’s
UV spectrum to evaluate a mem-
brane’s ability to withstand high
levels of UV energy. Many building
materials used in exposed construc-
tion applications degrade over time
due to UV exposure, and roof mem-
branes are no different. UV energy
breaks bonds within the polymer
and creates free radicals that begin
a degradation cycle leading to break-
down of the polymer backbone.8,9

• Heat Aging uses elevated tempera-
tures to speed up membrane deg-
radation that might normally take
years or decades to be become suffi-
cient to cause failure. For TPO, heat
causes oxidation of the polymer and
thereby a gradual loss of the original
properties.10 In the case of PVC, it
has long been recognized that heat
causes loss of the plasticizers and
thus an increase in cold brittleness
and a decrease in flexibility.11,12

MEMBRANE TESTING
Structural Research Inc. (SRI) carried 

out a large study of commercially available 
TPO produced during 2013.13 That study 
included heat and UV resistance and a 
range of physical properties. This paper 
contains a more detailed examination of 
some of that data, including total mem-
brane thickness and thickness over scrim. 

Five rolls, each with a different date 
code, were obtained per manufacturing 
plant, the majority being 10 feet wide. Six 

measurements were taken, equally spaced 
across each sheet, with the edge points 
being one inch in. Care was taken to ensure 
thickness over scrim was measured to the 
uppermost yarns, excluding the tie yarn.

MEMBRANE INITIAL PROPERTIES
Sheet Thickness and Thickness 
Over Scrim

TPO and PVC (ASTM D4434-compliant) 
membranes come in a variety of thickness-
es; however, the most popular thickness is 
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60 mils, whereas PVC KEE (ASTM D6754-
compliant) membrane’s most popular thick-
ness is 36 mils. The ASTM sheet thickness 
for most single-ply membranes is specified 
as having a tolerance of +/- 10%. So, a 
nominal 60-mil sheet could actually be as 
low as 54 mils. In reality, manufacturers 
must target a thickness greater than the 
minimum such that no sample would go 
below the minimum. 

Thickness over scrim for PVC is specified 
as being 16 mils in D4434, 6 mils for D6754, 
and the use of a single value was in the 
original D6878 TPO standard. However, in 
2016, the TPO specification was changed to 
a minimum of 30% of the overall thickness. 
For a 60-mil membrane, that would be an 
18-mil-thick weathering layer.

As indicated in Figure 1, the total thick-
ness for all manufacturers is very similar.

The average values shown are all 56 
mils, with the exception of membrane D, 
which is 55 mils, suggesting that one man-
ufacturer targets a slightly lower nominal 
thickness than the others. Also, in the 
case of membrane D, some 
individual measurements are 
below the D6878 specifica-
tion. However, the specifica-
tion does not clearly indicate 
whether the thickness min-
imum applies to individual 
measurements, a roll average, 
or some other metric.

The thickness-over-scrim 
data are shown in Figure 2.

In terms of real-world per-
formance, the thickness over 
scrim is a critical parameter. 
Membrane failure is frequently 
viewed as the point in time 

when the surface has 
worn, eroded, or cracked 
such that scrim is 
exposed. It appears from 
this large sample set that 
all manufacturers are 
targeting >20 mils, but 
in two cases, individual 
samples fall below the 
D6878 minimum (18 
mils for 60-mil nominal 
or 16.2 mils for 54-mil 
actual total thickness).

Thickness over scrim 
is measured using a cal-
ibrated microscope to 
view a polished cross 
section of the mem-

brane, per test method ASTM D7635.14 A 
closer examination of the membranes indi-
cates that some differences exist that are 
not being captured in the data; for example, 
Figures 3 and 4 show reinforcement that 
is forced into the top and bottom layers, 
respectively.

Also, in some cases, the reinforcement 
is approximately centered within the mem-
brane, as shown in the example in Figure 5.

After examination of all of the micro-
graphs, it is very apparent that even individ-
ual plants are not consistent with respect to 
reinforcement positioning within the mem-
brane. There have been anecdotal reports of 
some manufacturers claiming a particular 
reinforcement positioning, but the data 
belie that.

MEMBRANE-AGED PROPERTIES
Accelerated Weathering

The ASTM PVC standard allows for the 
use of either xenon arc light or fluorescent 
UV to artificially weather membrane samples 
(using either test, the samples must pass 

Figure 2 – Average thickness over scrim for all samples. 
The range indicates the minimum and maximum values.

Figure 1 – Average thickness (inches) for all membrane samples. 
The range indicates the measured minimum and maximum 
values.
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at least 6,300 KJ/m2), whereas 
the TPO standard specifies the 
use of xenon arc light only. The 
two light sources are different 
in that a xenon arc reproduces 
the entire solar spectrum, while 
fluorescent UV reproduces the 
UV region. The two methods 
also have differences in terms 
of moisture exposure, and each 
has its pros and cons.15 The TPO 
study conducted by SRI used 
UVA 340 lamps to apply a 1.55 
W/m2 irradiance using a cycle of 
700 minutes of light followed by 
20 minutes of water spray. The 
black panel temperature was 
176°F. Both ASTM standards 
define failure as the presence 
of surface cracks visible using 
a 7x eyepiece when the sample 
is bent over a 3-in.-diameter 
mandrel.

All the TPO samples from 
the multiple date codes from 
each manufacturing plant sur-
vived exposure to 30,240 kJ/
m2 without cracking. This 
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Figure 3 – Microscopic picture of a nominal 60-mil-thick membrane cross-section, showing the 
reinforcement positioned in the top (white) layer. 
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is well beyond the 10,080 kJ/m2 
requirement of ASTM D6878, even 
though the test method (fluores-
cent UVA versus xenon arc) was 
different. It supports industry 
anecdotal evidence that current- 
production TPO is very resistant to 
UV damage.

Heat Aging
Heat aging for PVC is done at 

176°F for 56 days, with failure defined 
by ASTM D4434 as being if the ten-
sile strength, breaking strength, and 
elongation at break fall below 90% 
of the original. For TPO, the aging is 
performed at 240°F with essentially 
the same mechanical tests and crite-
ria at the end. However, in addition, 
failure includes weight change of 
greater than 1%. As noted else-
where,16 there has been an ongoing 
industry discussion of testing TPO 
at 275°F. Some of today’s mem-
branes are so heat-resistant that 
testing at 240°F can take well over 
a year. Testing TPO at 275°F has 
been shown to give similar results 
to 240°F17 and was used in the SRI 
study to measure the time to crack-
ing and weight loss. 

Surface cracking during heat 
aging is indicative of membrane stiff-
ening and embrittling. Heat pro-
motes two degradation mechanisms 
in polyolefins: oxidative crosslinking 

and chain scission. Of these two, crosslink-
ing of the polymer chains would stiffen the 
material and thereby increase the risk of 
cracking when bent over the mandrel. In 
the real world, the increased stiffness could 
lead to cracking in freeze-thaw conditions, 
for example. Also, stresses in membrane 
adjacent to welds or fixed attachment areas 
such as penetrations or fasteners could lead 
to cracking. 

Weight loss during heat aging of poly-
olefins is due to breakdown of the polymer 
chains into smaller units that are, ultimate-
ly, volatile. In the field, this appears as sur-
face erosion, which eventually exposes the 
reinforcement fabric.

The weight loss during heat aging at 
275°F was typically small and gradual until 
some point at which weight loss became 
rapid. The presence of this “induction peri-
od” is well established for many stabilized 
organic and polymer systems. It is typically 
measured using differential scanning calo-
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Figure 4 – Microscopic picture of a nominal 60-mil-thick membrane cross-section showing the 
reinforcement positioned in the bottom, gray, layer.
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rimetry (DSC), whereby the oxidative-induc-
tion time (OIT) prior to oxidative breakdown 
and associated exothermic heat loss is mea-
sured18 and has been standardized by ASTM 
D3895.19 A typical DSC plot used to derive 
OIT is shown in Figure 6.

The OIT test is typically done at around 
400°F for polyolefins, and it measures the 
time taken to deplete the antioxidants. In 
a similar way, the weight loss study of TPO 
membranes shows a 
long induction time 
until the stabiliz-
ers are depleted, at 
which point weight 
loss becomes rapid. 
A typical result for 
one of the mem-
branes is shown in 
Figure 7. 

As can be seen, 
there is an initial 
period of relative 
stability, followed by 
accelerated weight 
loss. The exact point 

at which loss becomes rapid varies depend-
ing on the sample, possibly indicative of 
some process variation. Such variation was 
very large for membrane E, as shown in 
Figure 8.

Some samples went beyond 1% weight 
loss before the rate of loss increased. A loss 
of 1.5% was taken as generally indicative of 
the start of rapid weight loss. Table 1 shows 
the heat aging days to failure for the first 

Figure 5 – Microscopic picture of a nominal 60-mil-thick membrane cross-section showing 
the reinforcement positioned approximately in the membrane center.
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Figure 6 – Schematic of a DSC scan of a stabilized polyolefin in air.
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appearance of surface cracking and the time 
to a weight loss of 1.5%.

Although the results shown in Table 
1 appear to clearly rank the membranes, 
they do not indicate the large variation 
shown for membrane D. This argues that, 
while the ASTM specifications are highly 
relevant to the specifier in providing general 
guidance, they do not address variability 

in a manufacturing process. Consideration 
of the results shown in Figure 8 suggests 
that competitive studies do need to evaluate 
large numbers of samples. The use of single 
samples to evaluate differences between 
membranes is clearly not valid, but has 
been used in some other studies.20 

ASTM D4434 Vs. D6754; PVC Vs. KEE
A comparison of the PVC and KEE spec-

ifications, D4434 and D6754, respectively, 
shows that the accelerated weathering and 
heat aging requirements are the same for 
each membrane. The specifications differ 
in terms of the polymer contents, thick-
ness, and thickness above scrim, and the 
breaking and tear strengths, as noted ear-
lier. These authors have not seen single-ply 
membranes fail due to poor strength, and 
so a specifier isn’t provided with a perfor-
mance-based specification that differenti-
ates between these two membrane types.

CONCLUSIONS
1. Many material properties are spec-

ified in membrane ASTM standard
specifications. However, those that
are indicative of long-term roof per-
formance are limited to membrane
thickness, thickness over scrim, UV
resistance, and heat aging.

2. A large study covering multiple rolls
from all U.S. TPO manufacturing
plants showed that total membrane
thicknesses are generally equivalent,
although there is some evidence that
one manufacturer might be targeting
a slightly lower thickness versus the
other three.

3. Thickness over scrim is a measure
of the depth of the weathering layer.
The membranes studied were all
generally equivalent, although some
manufacturers were more variable
than others.
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Table 1 – Heat aging days to failure, using the first failure mode to occur in each case.
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Figure 7 – A typical weight loss during accelerated aging study of 
TPO, shown for Membrane D. The data points represent four samples 
taken across each of the ten rolls (five per manufacturing plant).

Figure 8 – Weight loss during accelerated aging of Membrane E. 
Each series of points represents one sample taken from across one 
of the 15 rolls (five per manufacturing plant).



4. While all TPO appears to significant-
ly exceed the ASTM specification for
UV resistance, there are large differ-
ences in terms of accelerated aging
by heat exposure. Not only do some
membranes fail earlier than oth-
ers, but some manufacturers exhibit
large variations between plants and
rolls from an individual plant.

5. Conducting competitive studies by
focusing on single rolls clearly can-
not identify those manufacturers
that have consistent processes ver-
sus those that do not.

6. Manufacturers and others who par-
ticipate in ASTM specification devel-
opment are encouraged to include
targets that enable differentiation
in terms of actual real-world perfor-
mance.
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