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ABSTRACT

This study was conducted to develop preliminary performance criteria for encapsulants for lead-
based paint. ASTM standards have been developed for encapsulants and data in the study may
support revisions to these standards. Encapsulants are liquid-coating-based products installed over
the surface of the lead-based paint to help to minimize the hazards of lead-based paint in housing.
This report, the first in a series on the performance criteria, describes the cure time and abrasion
resistance of 10 commercial encapsulants. Six nonreinforced and four reinforced encapsulants were
selected. Six were acrylic-resin based; others were epoxy-, polyester-, and polyurethane-resin based,
and one was inorganic-cement-based with an acrylic binder. Two household paints were included as
controls. Before conducting the abrasion tests, it was necessary to characterize the cure of the
samples; that is, the change of the liquid-applied coating from a wet film to a solid film.
Characterization of the cure was accomplished by following the glass transition temperature over
time using dynamic mechanical analysis (DMA). The results indicated that seven encapsulants and
the two paint samples showed little or no change in glass transition temperatures within four weeks
or less after application; i.e., they were essentially fully cured. In contrast, three encapsulants
displayed glass transition temperatures which were still increasing after at least 13 weeks, although
the dry films exhibited no indications that they should not be tested after fours weeks.

The abrasion tests were conducted according to ASTM test method D 4060 for 2000 abrasion cycles
in increments of 500 cycles. Four of the six nonreinforced encapsulants and all four reinforced
encapsulants had better abrasion resistance than the paints. Based on the test results, the following
preliminary performance criteria for abrasion resistance were proposed: (a) for nonreinforced
encapsulants, specimens shall not lose, on the average, more than 20 % of the film thicknesses when
subjected to 1000 abrasion cycles, and (b) for reinforced encapsulants, no abrasion completely
through the reinforcement shall occur, and the polymeric component shall totally fill all voids in the
reinforcement after the specimen has been subjected to 1000 abrasion cycles; that is, the substrate
shall be totally covered with polymeric component and reinforcement after abrasion. In both cases,
the criterion is based on testing the encapsulant specimen at the minimum thickness recommended by
the manufacturer.

Key words: abrasion resistance; building technology; coatings; curing; dynamic mechanical analysis;
encapsulants; glass transition temperature; lead-based paint; performance criteria
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1. INTRODUCTION
1.1 Background

The U.S. Department of Housing and Urban Development (HUD) has estimated that about 57
million homes in the United States have lead-based paint (LBP) on at least one painted surface [1].
One way of helping to minimize the hazards of lead-based paint in housing is to apply an encapsulant
over the lead-based paint [1]. Encapsulant is the term equally used to describe liquid-coating-based
products that are either nonreinforced or reinforced with woven or nonwoven fabrics or mesh
applied in the field. In either case, the liquid component is typically applied to the substrate like a
paint; that is, by brush, roller, sponge applicator, or spray equipment. When the encapsulant contains
fabric reinforcement, this component is generally embedded into a freshly applied layer of the liquid
(polymeric) component. A subsequent layer of the liquid component then covers the reinforcement.
In some cases, a reinforcement component having an adhesive backing may be applied directly to the
substrate and then covered with a layer of the liquid component. After application, the liquid
component solidifies into a coherent film either by evaporation of a volatile component or by
chemical reaction. As coating-based products, encapsulants rely on adhesion for attachment to the
lead-based paint, as opposed to “enclosures” — a term used to describe preformed materials which
depend on mechanical fasteners for securement over the paint.

As an abatement strategy, the application of an encapsulant coating may under some circumstances
be more readily accomplished than use of other means such as the application of an enclosure or the
removal of the lead-based paint. However, a major deterrent to the use of encapsulants is the
scarcity of performance data. The Environmental Protection Agency (EPA) has issued a report
describing a pilot program conducted on several commercial encapsulants [2]. The EPA study was
conducted to provide data on properties being considered by ASTM Subcommittee E06.23 on Lead
Paint Abatement for incorporation in standard specifications for encapsulants. Included in the EPA
study were measurements of adhesion, scrub resistance, flexibility, impact resistance, abrasion
resistance, tensile strength, elongation, blistering, chalking, and hardness.

Because of the need for performance criteria to assist in the selection and use of encapsulants, HUD
requested that the National Institute of Standards and Technology (NIST) conduct a study to
propose performance criteria for these products. The objective of the study was to develop
preliminary performance criteria for encapsulants for lead-based paint in housing using short-term
laboratory tests. A series of reports will be issued describing the results of the study. This is the
first report in the series, and addresses proposed performance criteria for abrasion resistance. An
overview of the performance criteria concept is given in Section 1.3.

Since the initiation of the present study, ASTM has issued a number of encapsulant standards [3]
including E 1795, “Specification for Nonreinforced Liquid Coating Encapsulation Products for
Leaded Paint in Buildings,” [4] and E 1797, “Specification for Reinforced Liquid Coating
Encapsulation Products for Leaded Paint in Buildings” [S]. Data developed in this study are
compared with requirements in the ASTM standard specifications, and may support revisions to the
ASTM standards.

1.2 Protection Against Exposure to Lead in Paint

To perform their intended function of reducing exposure to the lead in paint to low levels,
encapsulants should be capable of surviving in their service environment over relatively long periods
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of time — perhaps up to 20 years or more. Factors affecting the performance of encapsulants (or
any building material) include [6]:
use factors such as normal wear and tear, abuse, and maintenance procedures,
» stress factors such as sustained and periodic loads,
» weathering factors such as radiation, temperature, water, normal air constituents, air
contaminants, freeze-thaw, and wind, -
» biological factors such as fungi and bacteria, and
+ incompatibility factors that may be either physical or chemical.

In developing the performance criteria, it is necessary to state the performance requirements and to
know as much as possible about the intensities of the various factors and the modes by which the
encapsulants fail. With such information, performance test methods may be selected to determine an
encapsulant’s capability to perform as required. If the degradation factors and their intensities are
not known, an empirical approach must be taken to evaluate whether an encapsulant is capable of
performing satisfactorily under the more common degradation factors that they would likely
encounter in service. That is, on the most general performance level, the encapsulant would, with an
acceptable probability, ensure that the lead is kept in place and prevented from contaminating the
environment for the desired time.

The use of encapsulants for containing lead-based paint is a rather recent development. As a
consequence, field data are not available that describe common failure modes and quantify stresses to
which encapsulants are exposed. Thus, in initiating the development of performance criteria for
encapsulants, the question raised was: How might an encapsulant be adversely affected in service
such that it would lose its intended function to reduce human exposure to the lead in lead-based
paint? In answer, it was considered that the integrity of the in-place encapsulant could be
compromised and, thus, expose building occupants to lead from the lead-based paint through the
following:

» abrasion — the encapsulant might be mechanically worn away by friction forces due to actions
such as cleaning, rubbing, or scouring.

* inadequate adhesion — the encapsulant might peel or otherw1se delaminate from the paint surface
due to lack of proper adhesion, or cause failure (e.g., peeling, flaking and chipping) of the
underlying lead-based paint layer due to encapsulant application.

« diffusion — the encapsulant layer might have poor resistance to the transport of lead ions under
circumstances where lead might be leached from the underlying paint.’

« impact — the encapsulant might be fractured or otherwise damaged under rapidly applied loads.

* joint movement — the encapsulant might crack or split over moving cracks in the substrate due
to cyclic expansion and contraction.

« chemical (fluid) damage — the encapsulant might excessively soften, swell, or be otherwise
damaged when exposed to household fluids normally encountered in service for activities such as
maintenance, cleaning, and cooking.

Preliminary performance criteria to be developed in the present study will address encapsulant
attributes that consider the above phenomena which are related to the integrity of the in-place

'Diffusion is a technical term describing the transport of a species through a medium due to random molecular
motions. ASTM has defined the term, lead accessibility, as “the ability of an encapsulation product to resist or inhibit the
transport of lead to its surface” [5). Diffusion is one means by which lead may be transported to the surface of an
encapsulant.




encapsulant. Other performance attributes such as those related to health and fire safety, installation,
repairability, and aesthetics will not be considered.

Lead-based paint may be found on many room components including walls, ceiling, floors, doors,
windows, and trim molding. It is reasonable to assume that encapsulants applied to certain
components would be more prone to specific types of damage than if applied to others. For
example, it would be expected that an encapsulant on a wall might be more susceptible to abrasion
damage than if it were applied on a ceiling. This example illustrates that the requirements for
satisfactory performance of encapsulants may vary depending on their end use. Performance criteria
developed for encapsulants need to recognize this fact. Unfortunately, at the present state-of-
knowledge wherein little field data are available on the encapsulant performance, it is not appropriate
at this time to suggest criteria that deal with specific use conditions. Consequently, a limitation to
the initially proposed performance criteria is that they may be more severe than needed for some
situations. In the future, as the state-of-knowledge becomes more refined, this limitation may be
overcome by refining the initially proposed criteria.

Another limitation at the present state-of-knowledge is that encapsulants are recommended for
application only on substrates that are in acceptable condition through proper surface preparation. If
the substrate surface is not acceptable, then the encapsulant should not be applied. Consequently,
the initial performance criteria proposed in the present study are based on the performance of
products on properly prepared substrates. In the future, if encapsulant products become available
which are considered to be suitable for application on substrates that are less than acceptable at
today’s state-of-knowledge, then future revisions to the criteria would also be needed.

1.3 Performance Format

The criteria to be developed in the study are to be presented in a performance criterion format. A
performance specification defines a product exclusively in terms of criteria relevant to the functions it
is to perform; in contrast, a prescriptive specification defines a product primarily in terms of its
constituents and their relationships to each other [7]. A performance-criteria-based specification
describes a product less narrowly than a prescriptive specification. The performance criterion format
has four key elements: the Requirement, the Criterion, the Evaluation, and the Commentary, which
are defined as follows:
» The Requirement is a qualitative statement which describes what the product is to accomplish.
« The Criterion is a quantitative expression of the level of performance which the product achieve
to perform acceptably.
 The Evaluation sets forth the test or other method(s) to be used for determining whether the
product conforms to the stated criterion.
» The Commentary provides for comment concerning the background or an explanation of the
reason for, or intent of, the stated criterion. Commentary is presented for informational purposes
and is non-mandatory.

Tables A-1 through A-6 given in Appendix A present an initial outline for the development of
performance criteria for encapsulants. The encapsulant attributes for which performance criteria are
considered in Tables A-1 through A-6 are those discussed above: abrasion resistance, adhesion,
diffusion resistance, impact resistance, joint-movement capacity, and chemical resistance. With the
exception of abrasion resistance which is addressed in the main text of this report, the criteria for the
other attributes are not fully developed in the Appendix. These other attributes will be the subject of
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future reports in which the test results from commercial encapsulants will be presented and criteria
will be recommended. Note, in Tables A-1 through A-6, that the outlines of the suggested
performance criteria do not divide the requirements along product lines varying by factors such as
the type of encapsulant (e.g., synthetic-resin-based versus inorganic-cement-based) or whether or not
it is reinforced. This is in keeping with the performance criterion concept which defines a product
according to its functions and not its constituents. However, the practicality of developing
evaluative procedures may preclude such an approach when criteria are recommended based on
specific test methods.

1.4 Objectives and Scope of Report

One objective of this report is to describe the encapsulants in this performance criterion study
including the time required for their cure after application and exposure at ambient laboratory
conditions. A second objective is to present data on their abrasion resistance and recommend an
abrasion resistance performance criterion.

Cure of a material or system has been defined as the process by which it attains its intended
properties through evaporation, chemical reaction, heat, radiation, or a combination thereof [8].?
Consistent with this definition, liquid-applied encapsulants cure in place to form solid films either
through loss of the volatile component(s) (e.g., water) or through chemical reaction(s). Before
conducting abrasion tests, it was desirable to confirm that the encapsulant was essentially fully cured
so that abrasion tests would not be conducted on specimens undergoing large changes in properties.
Thus, the experimental plan was, to the extent possible, to conduct tests on products only after the
cure was essentially complete. However, as will be seen later in the report, some products were still
experiencing changes more than three months after film application. In these cases, practical
considerations associated with the necessity of conducting tests within a relatively short period
(e.g., a month) after film application precluded waiting until it appeared that cure was mostly
attained.

The property selected to characterize whether an encapsulant film was close to being fully cured after
film application was the glass transition temperature (T,); the T, values were determined using
dynamic mechanical analysis (DMA). Hill [10] has noted that DMA has been applied frequently in
recent years to follow the cure of coatings. In the present study, specimens of newly-formed
encapsulant films were periodically subjected to DMA characterization from 1 week to 13 weeks.
The encapsulant was considered to be essentially fully cured when the glass transition temperature
displayed relatively little change over time.

Transition he Gl ransition

The glass transition has been defined as "the reversible change in amorphous polymer or in
amorphous regions of a partially crystalline polymer from (or to) a viscous or rubbery condition to
(or from) a hard and relatively brittle one" [11]. The process normally occurs over a narrow
temperature range. The approximate midpoint of this temperature range is taken as T,, the glass
transition temperature. Not only do hardness and brittleness of the polymer change rapidly at the

2Not all definitions of cure include evaporation; for example, see reference [9]. However, evaporation is
considered appropriate for encapsulants as some are water-borne liquid-applied coatings.
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glass transition temperature, but other properties such as modulus and other mechanical properties,
thermal expansion, and heat capacity change rapidly as well [11]. The T, is affected by factors such
as molecular weight, crosslink density, length of side chains, intermolecular forces, rotation about
molecular bonds, and plasticization [12,13]. Thus, as the freshly-applied liquid encapsulant solidifies
into a film, the T, may increase over time as parameters such as molecular motions decrease, and
chain crosslinks and stiffness increase [10]. For example, in the case of a film formed by solvent
evaporation, as the solvent evaporates from the coating film, its T, increases [14]. Then, as the film-
forming approaches completion, the T, shows little change over time. It is noted that the value of
the T, is dependent upon the measurement technique and, thus, the reported value must be
accompanied by reference to the measurement method and heating rate [10,13]. And, as a corollary,
the same method should be used when comparing the T,s of a series of samples.

2. EXPERIMENTAL
2.1 Description of Encapsulants and Preparation of Films

Table 1 presents the ten commercial encapsulants included in the study. They were supplied by
manufacturers. The descriptions of the type of encapsulant and reinforcements were taken from the
product container or literature. The film thicknesses were determined as described later in this
Section (2.1). Six (Sample Nos. 1 - 6) were nonreinforced and four (Sample Nos. 7 - 10) were
reinforced — two with nonwoven and two with woven fabrics. Six of the ten encapsulants were
based on water-borne acrylic resins. Three other encapsulants were based on epoxy, polyester, and
polyurethane resins. One product (Sample No. 10) was inorganic-cement-based with an acrylic
binder. Two commercial house paints, one acrylic (Sample No. 11) and the other alkyd (Sample No.
12), were also included as controls. For both paints, a note on the container stated that they
conformed to the Federal Specification designation in Table 1.

After receipt, all encapsulants and paints were stored in their original sealed containers at ambient
laboratory conditions. The temperature was 21 °C £ 2 °C (72 °F £ 3 °F). The relative humidity
ranged from about 25 % to 60 % depending upon the time of year. Immediately before use, the
contents of the opened containers were well stirred. To control the thickness of the film samples,
they were prepared using a drawdown technique®. Free films, used initially to characterize the
thickness of the samples, were cast on release paper, about 140 mm by 250 mm (5.5 in by 10 in) in
area. Thickness measurements were made using a Mitutoyo Thickness Gage, Model No. 192-655*.
Its calibration was checked using a set of standard gage blocks.

Table 1 includes the dry film thicknesses of the encapsulants. In the case of the nonreinforced
products, the thicknesses were chosen to be in accordance with each manufacturer's
recommendation. Some manufacturers’ literature provided recommended wet film thicknesses;
whereas other manufacturers' recommendations were for dry film thicknesses. In this latter instance,
experimentation in applying varying wet films was conducted to determine the resulting dry film

3This technique uses an adjustable knife blade (i.e., the drawdown blade), bar, or rod to control distribution of the
adhesive on the substrate [15]. The adhesive thickness is controlled by the distance between the blade edge and the
substrate surface.

“Certain trade names or company products are mentioned in the text to specify adequately the experimental
procedure and equipment used. In no case does such identification imply recommendation or endorsement by the National
Institute of Standards and Technology, nor does it imply that the equipment is the best available for the purpose.
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Table 1. Non-reinforced encapsulants, reinforced encapsulants, and paints included in study*

Dry Film Dry Film
Sample Polymeric Reinforcement Total Thickness Applied
No. Component Fabnic Thickness Over Reinforcement
] mm (in) mm (in)
1 Acrylic None 0.18 NA®
N (0.007)
N 2 Acrylic None 0.20 NA
H . (0.008)
r 3 Acrylic None 0.15 NA
‘I’ (0.006)
n 4 Acrylic None 0.15 NA
f (0.006) L
‘r’ s Epoxy None 0.07 NA !
c (0.003)
€ 6 Polyester None 0.29 NA
d 0.01D)
7 Acrylic Nonwoven 0.51 0.18
R Synthetic (0.020) (0.007)
e
I 8 Acrylic Nonwoven 0.41 0.13
n Glass (0.016) 0.005)
f
° 9 Polyurethane Woven Glass 12 0.10
r (0.047) (0.004)
c
; 10 Inorganic-Cement-Based Woven Glass 1.3 0.69
With an Acrylic Binder (0.050) 0.027)
P 11 Latex None 0.06 NA
a (Fed. Spec. TTE 2784) (0.002) It
I
n
t 12 Alkyd None 0.08 NA
s (Fed. Spec. TTE 489) 0.003)

“The descriptions of the type of encapsulant and reinforcements were taken from the product container or literature, The
film thicknesses were determined as described in Section 2.1 of this report.

*NA indicates not applicable.



thickness. In the case of the reinforced products, the thickness of each sample was selected to be
consistent with the manufacturers' recommendations for the thickness of the film to be applied over
the reinforcement. If that information was not available, then the selected film thickness was
approximately the total thickness of the reinforced product (as suggested in the manufacturer’s
literature) minus the thickness of the reinforcement.

2.1.1 Specimens for DMA Analysis. As in the case of the original thickness measurements,
encapsulant and paint samples for DMA analysis were prepared on release paper as free films using
the drawdown blade technique. These films were kept on the release paper at ambient laboratory
conditions until analyzed. Because the intent was to measure the glass transition temperature of the
base polymeric component as it cured over time after film application, the reinforcements for Sample

D anrt 1 +ant
Nos. 7 through 10 were not incorporated in the films used for DMA measurements. Rectangular test

specimens having dimensions of S mm to 10 mm by 23 mm (0.2 in to 0.4 in by 0.9 in) were cut from
the drawndown sections using a razor-edge knife. Each specimen was used for only one DMA
analysis; that is, replicate analyses of all samples were conducted on different rectangular test
specimens. In all cases, the release paper was removed immediately before analysis.

2.1.2 Specimens for Abrasion Resistance Tests. Samples for abrasion resistance tests consisted of
reinforced and nonreinforced encapsulant and paint films applied on 6 mm (0.25 in) thick polymethyl

methacrylate (PMMA)® sheet using a drawdown technique to provide dry film thicknesses as listed in
Table 1. The dimensions of the PMMA sheet to which a wet film was applied were 610 mm by

203 mm (24 in by 8 in). The width of the wet film which was drawn parallel to, and in the middle of,
the long dimension of the PMMA sheet was approximately 140 mm (5.5 in). As a consequence, a
strip approximately 35 mm (1.4 in) wide was left uncoated along each long edge of the PMMA
sheet. After the wet film dried, the average thickness of the dry film on the PMMA sheet was
measured for use in calculating the percent film loss during abrasion testing. Twenty pairs of
measurements were made along the long dimension of each PMMA sheet (fig. 1). Each pair
consisted of a determination of the thickness of the coated sheet (Th,) and a determination of the
thickness of the uncoated sheet (Th,) at an adjacent location. A dry film thickness (Thy) was
calculated as the difference of two determinations:

Thy = Th, - Th,

The average of the twenty pairs of measurements was then calculated and taken as the average initial
thickness of the dry film (Th,,). This value was used in the calculation of the percent film lost during
abrasion (Section 2.3). For the 12 samples in the study, the coefficients of variation of the initial
thickness averages ranged from 4 % to 22 %, which may reflect, in some cases, some unevenness of
the encapsulant and paint films.

After determining the average initial film thickness, abrasion resistance test specimens with
dimensions of 100 mm by 100 mm (4 in by 4 in) were cut from the larger PMMA sheet. A hole with
a diameter of approximately 6 mm (0.25 in) was drilled in the center of the specimen to allow its
placement in the abrasion test device.

Note that the ASTM standard specifications [4,5] specify the use of cold-rolled steel panels that may be primed.
The use of PMMA was selected for this study prior to issue of the ASTM standards. Because abrasion resistance is a
surface property, little difference due to substrate would be expected.
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Figure 1. Schematic of the measurement pattern used in the determination of the average dry film of
an encapsulant or paint sample.

2.2 Dynamic Mechanical Analysis Procedure

In conducting a DMA analysis, the specimen is subjected to a sinusoidal mechanical strain of a
selected frequency and amplitude while the temperature is raised at a programmed rate. The DMA
equipment used was a Rheometrics RSA II analyzer. Each encapsulant was analyzed at least twice
at each age; i.e., time elapsed after film application, which was generally between 1 week and 13
weeks. In a limited number of cases where the cure of the encapsulant appeared to be continuing
beyond the 13-week period, additional DMA tests were performed at longer times.



The following experimental parameters were used in the DMA analyses:

specimen loading; tension/compression

specimen length: 23 mm

specimen width: 5 mm to 10 mm

specimen thickness: free film applied thickness (Table 1)

temperature range: -70 °C to +80 °C

temperature sweep: dynamic temperature steps (temperature increments of 2 °Cin T,

range; 10 °C otherwise)
time per measurement:  soak time® of 30 s

frequency: 10 Hz (62.8 rad./s)
strain: 0.05 %

delay before test: 1 min

auto tension applied: yes

auto strain applied: yes

2.3 Abrasion Resistance Procedure

Abrasion resistance was determined according to ASTM D 4060, “Abrasion Resistance of Organic
Coatings by Taber Abraser” [16]. This method was considered appropriate for the initially proposed
performance criteria because it simulates a rubbing action that an encapsulant could be subjected to
in service. The abrasion device was a Taber Instrument Corporation Model 503 Abraser Tester
equipped with a CS-17 abrasion wheel. For each encapsulant and paint sample, four replicate
specimens having a minimum age of 28 days (see pages 17 and 18) were tested. The abrasion tests
were conducted at ambient conditions in increments of 500 cycles until 2000 cycles were reached or
until the coating was abraded to the point of exposing the PMMA sheet. A cycle consisted of one
complete revolution of the test specimen in the abrasion device. After each 500 cycles, the specimen
was visually examined to observe its condition, and the mass of the specimen and the thickness of the
coating in the abraded area were measured.

Mass was measured using an analytical balance sensitive to 0.01 mg. Its calibration was checked
using a set of standard weights. Mass loss due to abrasion (M,,) was calculated by subtracting the
mass of the abraded specimen (M,) from that of the unabraded specimen (M,):

Mls = Mu'Ma

The thickness of the film lost during each 500-cycle increment of abrasion was determined using the
following procedure. Near each of the four comers of the 100 mm by 100 mm (4 in by 4 in) test
specimen, measurements of the film thickness in the abrasion track (Th,) and just outside both edges
of the abrasion track (Th,, and Th,,) were made (fig. 2). The film thickness lost (Th,) at each of
these four locations was taken as:

Thy = [(Th,, + Th,)/2] - Th,

Soak time “specifies the time interval between temperature equilibrium at the selected zone temperature and the
start of the measurement cycle.” (See Rheometrics Solids Analyzer Manual Section 2-25.) In this procedure, the
temperature is automatically incremented from selected upper and lower limits (i.¢., the zone).
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Figure 2. Schematic of an abrasion specimen indicating the abrasion track and thickness
measurement locations.

Then, the average film thickness lost (Th,) near the four corners was calculated. About three-
quarters of the coefficients of variation of these averages ranged from 10 % to 60 % with the
majority of the remainder being greater than 60 %. This variation appears to indicate that the
abrasion is nonuniform at the four corners of the specimen, and supports performing more than one
measurement of thickness loss. The percent film thickness lost (Th,,), which is the parameter used in
the presentation of the abrasion resistance data, was calculated as:

Thy, = (Th, /Th,) - 100 (Note: Th,, is defined in Section 2.1.2.)

3. RESULTS AND DISCUSSION
3.1 Dynamic Mechanical Analysis

In a DMA analysis, three properties are typically determined for each temperature. The first is the
storage modulus (E"), which is a measure of the energy stored during each deformation cycle. This
parameter is related to the stiffness of the specimen. The second property is the loss modulus (E”),
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which is related to the energy dissipated. The third is tan &, the ratio of the loss modulus to the
storage modulus.

rngures 3 through 6 iliustrate piots obtained in DMA analyses of encapsulant films when the
specimens were approximately 13 weeks old. For purposes of these illustrations, the measurements
were made in 2 °C (3.6 °F) increments across the entire temperature range. The figures show the
results of the analyses of an acrylic (Sample No. 4), the epoxy (Sample No. 5), the polyester (Sample
No. 6), and the polyurethane (Sample No. 9). The data plots in each of the four figures are generally

- a AR wn
similar, although key features such as temperatures for the peak maxima are different for the different

materials. Three curves are present in each plot: E’, E”, and tan 8. The temperature at which the
maxima occur in both E” and tan & curves have commonly been used as a measure of the glass
transition temperature [10]. Note that these two maxima in each of the four figures are not the same
and, for this reason, the property (E” or tan d) taken as a measure of the glass transition must be
specified along with the details of the experimental run such as frequency, amplitude, and rate of
temperature rise.

In the present study, the change in glass transition temperature of the encapsulants with time elapsed
after film application was generally followed using the peak of the E” curve. This was in accordance
with the recommendation of ASTM Standard D 4092 [11] wherein it is stated that “the most reliable
estimates [of glass transition temperature] are normally obtained from the loss peak observed in
dynamic mechanical tests ...” Thus, using the E” curves, the glass transition temperatures of the
acrylic (Sample No. 4), the epoxy (Sample No. 5), the polyester (Sample No. 6), and the
polyurethane (Sample No. 9) specimens shown in Figures 3 through 6 were -15 °C, +31 °C,

+17 °C, and +45 °C (5 °F, 88 °F, 63 °F, and 113 °F), respectively.

Note in Figures 3, 4, and 6 that the E” and tan & curves contain only one peak. In contrast, the tan §
curve in Figure 5 contains a pronounced shoulder at about 25 °C (77 °F). Additionally, the peak in
the E” curve of Figure 5 is relatively broad. A reason for these features may be the polyester-based
encapsulant is not a homogeneous material, but contains more than one species or phase, each of
which undergoes a transition at a different temperature. Investigation of this possibility was beyond
the scope of the current study. A practical consequence of the broad peak in the E” curve of Figure
5 is that it may be difficult to determine the temperature at which the peak maximum occurs and
considerable scatter between replicate measurements of the glass transition temperature may result.

Figure 7 presents plots of the glass transition temperature measurements versus time elapsed after
film application for the acrylic-resin based encapsulant specimens. Figure 8 contains similar plots for
the other four encapsulants and the latex and alkyd paints. To demonstrate the differences among
the 12 coatings, Table 2 gives the average glass transition temperature of the samples at 13 weeks.
In Figures 7 and 8, the open circle indicates the average measurement, and the closed diamond
represents the result of an individual measurement. Note that overstrikes in plotting data points are
not distinguished. Material variability between the DMA test specimens may account for some of the
scatter in the data shown in Figures 7 and 8, although an investigation of this possibility was not
conducted. For the majority of the measurements, the coefficients of variation for the average values
were 15 % or less, although a few values range from 25 % to 30 %. Sample No. 2 showed higher
coefficients of variation (discussed below) that, with the exception of the average value at 13 weeks,
ranged from 20 % to 80 %.
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Figure 3. DMA resuits for an acrylic resin-based encapsuiant fiim (Sampie No. 4). The frequency
and strain were 10 Hz and 0.05 %, respectively. Stepwise dynamic temperature
programming was used with 2 °C temperature rise increments and the soak time was 30 s.
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