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EXECUTIVE SUMMARY

The Naval Facilities Engineering Service Center (NFESC), under the sponsorship of
the Office of Naval Research (ONR), studied the effects of laboratory simulated marine
climates on the mechanical properties of several commercial composites. These composites
included glass-reinforced polyesters, vinylesters, phenolics, and an epoxy (epoxy-polyamide).
The composites were based on thermoset resins and all samples were pultruded by one
manufacturer in order to standardize the tests. Results indicated that exposure to seawater
caused the greatest deterioration of the flexural and tensile strengths of the composites.

It is proposed to conduct accelerated testing on fiber reinforced composites used in the
Navy waterfront infrastructure. Accelerated testing will be completed under salt-fog exposure
at high temperatures up to 160°F. This data can be complemented by existing 12-month data
at 95°F aready obtained under a previous program. The accelerated testing will allow for
prediction of damage to the composites beyond the first year, and prediction of its service life.

Note:

Professor Arsenio Caceres was a visiting Professor, on leave from the University of
Puerto Rico, Mayaguez Campus. He spent a summer at NFESC under the U.S. Navy-ASEE
(American Society for Engineering Education) Program sponsored by the Office of Naval
Research.
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INTRODUCTION

It has been shown that seawater immersion and salt-fog exposure are the main causes
of degradation of glass fiber reinforced plastics (GFRP) materials for use in the Navy
waterfront infrastructure [1]. Experimental data is also available for the results of accelerated
testing under similar exposures [1, 2]. However, this data must be correlated and extrapol ated
to obtain the degradation under natural conditions. This experimental program seeks to
provide this correlation, and determine the acceleration factor, k, needed to determine the
long-term degradation under natural conditions. This acceleration factor is based on the time-
temperature equivalence, which has been used for similar applications.

BACKGROUND

It isvery difficult to analyze durability by means of accelerated aging tests because the
mechanisms that promote degradation are not well understood and correlation with natural
exposure is often lacking. However, accelerated aging tests are needed to gain information on
the durability of a material within a reasonable time frame. In particular, Aindow, Oakley,
and Proctor showed that long-term aging predictions of GFRP, based on testing specimens at
high temperatures, correlate well with real weather aging [3]. This theory is summarized by
means of the time-temperature superposition method.

The U.S. Navy is currently retrofitting old concrete structures with composite
components. One of the reasons for the use of composites is their expected longer durability.
However, aging will inevitably occur and accurate knowledge of their durability under very
specific exposures is necessary to design those components for their expected service life.
Waterfront Navy structures mainly consist of reinforced concrete piers and wharfs under
marine exposure. A previous test program determined that seawater immersion and seawater
or salt-fog exposure are the main causes of deterioration of typical composite used in Navy
structures. The current experimental program will address these two types of exposures. For
these tests, the main condition that can be varied is temperature. Changes in salt
concentration or salt-fog condensation rate would be more difficult to correlate with natural
exposure. Other types of exposure include cold/freezing conditions, ultra-violet exposure,
and dry heat. However, it was previously shown these exposures have little impact on the
degradation of the composites.

Degradation consists of loss of strength and/or stiffness. The relationship between the
decay during accelerated experimental testing and long-term testing is expressed through an
acceleration factor k. The acceleration factor is the ratio between time exposures after natural
aging and after accelerated aging to obtain a similar decay. For instance, an acceleration
factor k = 400 means that every hour under accelerated laboratory aging testing corresponds
to 400 hours of aging under normal conditions. If the property considered is the modulus of
elasticity, E, the acceleration factor is given by:

_dE, /dt

k
dE, /dt
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where E, is the modulus of elasticity observed during the accelerated test and E; is the same
modulus under along-term in-service test.
If kis constant, the following two equations can be written:

E, :EO+%(Ea- E,) Eqn. 2
1 ta8E, 0

E, =E, +- Q¢ —2-dt
ng ﬂ Eqn. 3

Equation 2 states that the change in E, during the accelerated test will correspond to a
constant change of E; in the long-term test. Equation 3 can be integrated to yield the value of
the property at any time, if the variation of E, for the accelerated test, as a function of time, is
known. However, thisis hardly the situation for most degradation systems. The factor k will
change with time or with E,, and because of its nature E; will be very sensitive to those
variations.

One simple answer to this problem would be to establish an analytical model that can
relate the degradation in terms of the variables involved (temperature, salt composition, etc.)
Thisis very difficult to obtain since the degradation mechanisms are not well known in most
cases. Furthermore, deviations from the model are likely to occur over long time. However,
this approach was used by Porter and Barnes [4] for the degradation induced by alkaline
corrosion on GFRP.

The other solution may be to setup a parametric study of degradation in terms of the
exposure variables and time. Results may be data fitted to produce the degradation rate.
However, for this method to have some reliability, at least a couple of years of data from
natural exposure may be necessary. Taking into account the many variables involved, this
may mean spending too many years collecting data. Porter and Barnes [4] relied on natural
weathering data collected at different locations around the world with another set of data
collected over 10 years to come up with an acceleration law. The acceleration factor obtained
for an exposure of 120°F and higher pH (around 12) was 279.

Porter, Lorenz, Barnes, and Viswanath [5] developed two equations for accelerated
aging of GFRP composites in alocal environment. The first one gives an acceleration factor,
AF, based on the mean annual temperature of a particular climate. The second one provides a
relationship between the aging bath temperature and the number of acquired accelerated aging
daysin the bath.

DEGRADATION MECHANISM S

The type of damage that produces the degradation of a composite material has been
typicaly classified as matrix damage (microcracks, coaescence of voids), fiber damage
(breakage or buckling) or interface damage (debonding). Examples of fiber mechanisms of
failure reported in the literature include local fiber buckling at elevated temperatures [6], and
corrosion of glass fibers used to prestress or reinforce concrete beams [7]. Matrix



mechanisms have been predominant in composites exposed to environmental and corrosion
conditions. Often, matrix cracking clears the way for other degradation mechanisms that will
eventually cause the composite to fail. Finally, the fiber-matrix interface failure has been
difficult to detect and measure quantitatively. Methods to characterize interfacial damage
have been proposed by Jayamaran et al. [8]. SEM has been used to observe this mechanism
in various types of composites.

TIME-TEMPERATURE EQUIVALENCE

In order to provoke accelerated aging, the exposure can be intensified by providing a
higher temperature, a higher saline concentration, or a higher amount of fog. In the akaline
corrosion research performed by Porter and Barnes [4], the acceleration is accomplished by
exposing the glass fibers to high pH values and immersing the fibers in a bath at an elevated
temperature.

The acceleration mechanism obtained by increasing the intensity of the exposure
should be studied separately and would require significant additional work. Another option is
to keep the salt concentration and condensation rate constant, but expose the specimens to
higher temperatures. This is the basis of the time-temperature equivalency. It alows the
prediction of long-term properties based on short-term measurements of that property. It is
based on the demonstrated fact that viscoelastic data obtained at one temperature can be
superimposed on data obtained at a different temperature ssimply by shifting one of the data
curves onto the other along the time axis. It is assumed that the processes involved in
molecular rearrangements remain the same, but occur at greater rates at higher temperatures.

Dye et al. [9] have applied this principle to the dlip in the anchor of fiber reinforced
polymer (FRP) tendon anchor systems by heating the assembly for three hours. The
acceleration factor obtained from ambient temperature to 160°F was in the order of the
thousands, thus enabling extrapolation to 100 years, as reported. Gerritse [10] has used the
Arrhenius model to develop data on the long-term performance of aramid/epoxy composites
for prestressing tendons.

Acceleration by elevated temperature exposure is questionable where there is a change
in degradation mechanism due to the elevated temperature. This is the case when the rate of
degradation shows increase with time during certain stages of the interaction with the
environment. This behavior is usually associated with a change in the nature of the interface
region, such as cracking, phase transformation, or significant alteration of the chemistry. In
such cases there is no aternative to mechanistic understanding of the degradation
phenomenon in the development of service life predictions. The Arrhenius behavior (see
Equation 5) can be expected only in cases where a single process controls the kinetics of the
degradation. Therefore, this must be taken into account when using test data obtained at
elevated temperatures.

The properties observed at one temperature are selected as the reference curve. The
results for other temperatures are shifted onto the reference curve to obtain the master curve.
The horizontal shift required for each curve to superimpose to the master curve is the shift
factor, ar, for that temperature. These shift factors are analyzed and data fitted with one of



the two models commonly accepted to describe viscoelastic behavior. The first one is the
Williams-Landel-Ferry (WLF) mode!:

- (T-T,)
o C, +(T' To) "

where C; and C; are constants obtained by regression, T is the temperature usually measured
in Kelvin and Ty is the selected reference temperature. The other model is known as the
Arrhenius relation:

loga; =log A+R(T—I?

To)

where A and E are material constants obtained by regression, and R is the gas constant. Once
these constants are calculated, properties for longer periods of time can be computed. It is
recommended that the master curve be shifted only to temperatures in the range in which the
data was collected.

Egn. 5

PROPOSED TESTING PROGRAM

The proposed testing program will be a continuation of the program recently finished
by NFESC where seven GFRP specimens were tested under several types of marine
exposures [1]. The same kinds of specimens will be used. In this new phase only the salt-fog
exposure test will be conducted, as the previous study showed it was one of the most
aggressive exposures.

In order to extrapolate the short-term behavior, the time-temperature equivalence
principle will be used. It is assumed that six samples will be enough to give an accurate plot
of the degradation curves for each temperature and specimen type. Once a final value of
strength and/or stiffnessis specified the durability of the composite will be determined.

Specimens

In addition to the seven FRP materials tested previously, a carbon FRP (CFRP)
specimen will also be tested. Hence the eight materials will be as follows:

- Two glassreinforced vinylesters (I and I1)

- Two glassreinforced polyesters (I and 1)

- Two glassreinforced phenolics (1 and 1)

- Oneglassreinforced epoxy (epoxy-polyamide)
- One carbon reinforced epoxy



Test Temperatures

Each test for a specific temperature will be performed over athree-month period for a
total testing duration of 9 months. Given the upper temperature range (95°F to 160°F) where
the test chamber can operate, the test temperatures will be:

- 95°F
- 120°F
- 160°F
These temperatures are well below the glass transition temperatures of the selected

thermosets, thus avoiding the inevitable change in degradation mechanism that occurs at that
point.

Experimental Procedure

The data manipulation required for each specimen and exposure is as follows:
1. Remove one third of the specimens at one-month intervals.

2. Measure the desired property (strength or modulus of elasticity) after removal and plot
the property in athree-point curve, one for each temperature. Use logarithmic scale for
each axis.

3. Temporarily define a reference temperature (probably 95°F) onto which each curve
will be shifted (note that 12 months data is available at this temperature from [1]).

4. Shift each curve onto the reference temperature curve. The average of the shifting
distance may be used to define the shifting factor for each curve.

5. Draw the master curve as the superimposition of the individual curves shifted onto the
reference curve.

6. Use datafitting to find the shift-factor law. Use the Arrhenius or WLF model to
approximate the shift-factor law.

7. Define the final reference curve (probably 73°F for ambient or 95°F for tropical
exposure). Use the datafit of previous step to find the shift factor for this
temperature.

8. Shift the master curve to the new reference temperature.

9. Extrapolation is now possible within a reasonable time period. The obtained master
curve will give the amount of degradation as a function of time and it will be possible
to find the degradation in, for example, 30 to 40 years and compare it with the
allowance or safety factors included in the design for long term exposure.

A numerical example of application of the principle can be seen in the Appendix.



Testing

Equipment

Three pieces of equipment will be needed:
1. Salt fog test chamber - with atemperature range capability from “ambient” to 160°F, and
humidity from 95% to 100% during the high humidity test cycles, and less than 30%
during dry off cycles.
Scanning electron microscope
Dynamic mechanical analyzer - ESC63 currently uses a dynamic mechanical analyzer
(DMA) 983 for its dynamic mechanical thermal analyses. A mgjority of DMA analysisis
done in a “fixed frequency” mode. The DMA uses a flexural bending deformation to
apply stress to the sample. The sample undergoes a sinusoidal oscillation at a frequency
and amplitude (strain) selected by the operator, and over a range of temperatures. The
arms of the DMA move back and forth in the horizontal plane to flex the specimens at
specified frequencies (Figure 1). For viscoelastic materials such as polymers (having both
elastic and viscous properties), the strain and applied stress will be out of phase with each
other, causing a phase shift in the strain and stress sine wave data. This shift is defined as
a “phase angle” and along with sample geometry and driver energy input, is used to
calculate viscoelastic properties of the sample. Elastic storage and loss (damping) moduli
may be obtained isothermally (at one temperature) or tracked as the temperature is
ramped. Glass transition temperature is obtained by ramping the temperature through the
glass transition range and selecting the peak value on the loss modulus curve.
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Figure 1. Schematic of atypical specimen clamped in the DMA.

NFESC is in the process of procuring a new DMA instrument with improved
capabilities. The updated design of the new DMA incorporates 3-point bending technology
(vice the 2-point bending of the DMA 983). This provides a much higher maximum force
with which to flex the samples, resulting in improved accuracy and precision. Sufficient
flexing force is considered especially important for particularly stiff materials such as
composites



Description of tests

Scanning Electron Microscopy

One important aspect of accelerated testing is that the degradation mechanism must be
understood in order to develop accelerated test methods. The mechanical and thermal tests
performed after the sample has been removed give the amount of degradation but not what
caused it. Scanning electron microscopy (SEM) may be necessary in order to identify what
kind of degradation mechanism the specimen is undergoing. For instance, in the Porter and
Barnes experiments [4], the critical component was the glass fibers. Eventualy, the
knowledge of this mechanism will help choose accelerated tests designed specifically for that
type of degradation.

Another reason for the use of SEM is to make sure that the same degradation
mechanism is present at any temperature since thisis the basis of the applicability of the time-
temperature principle.  SEM has been extensively used to examine specimens following
mechanical testing. Hoa et al. [11] used SEM to observe fractures surfaces to investigate
changes in failure modes in carbon/PPS composites following environmental exposures.
Sloan and Seymour [12] used SEM images to show fiber debonding in graphite/epoxy
composites exposed to seawater. Ghosh and Bose [13] used SEM micrographs of glass/epoxy
composites taken before and after exposure to corrosive environments to help determine the
degradation due to the environments.

Dynamic M echanical Analysis

Dynamic Mechanical Analysis (DMA) and Dynamic Mechanical Therma Analysis
(DMTA) are used to determine the change in mechanical properties of materials either under
isothermal conditions or as a function of temperature. The technique is often used to measure
the elastic storage modulus and damping properties of materias, as well as the glass transition
temperature, Ty, of polymers. One possible analysis to consider is the relation between |oss of
mechanical properties and reduction in Ty,

The DMA Flexura Test will consist of:

1. Specimens will be analyzed in triplicate - three control pieces for each composite
formulation and three salt-fog exposed pieces for each formulation, exposure
temperature, and exposure duration. Thus, 3x8x3x3 or 216 specimens will be required
for DMA analysis of the exposed samples.

2. Specimens will be nominally 0.5 inches wide and 0.125 inches thick. The length will
be adjusted according to the clamping configuration of the DMA.

3. The DMA will be calibrated according to manufacturer specifications. “Length
correction” calibration will be performed for each exposure scenario as needed.
Length correction compensates for sample motion in stiff samples that penetrates
beyond the clamp faces.

4. Fixed frequency and amplitude settings will be chosen for each composite formulation
based on manufacturer recommendations for similar materials.

5. A point value for the elastic modulus of each specimen will be obtained by flexing the
specimen at 73[F (or other selected temperature as appropriate). The values (in psi or



Pascal units) obtained for al of the specimens will be compiled into plots used to
produce the time-temperature superimposed master curve described earlier.

6. If Ty values are desired, each specimen will be run through a ramped temperature
range. The peak of the loss modulus curveistaken as the Tg. DMA analysis for Tq will
take considerably longer than DMA analysis of elastic modulus near room
temperature, due to the time required to run the temperature ramp program for each
specimen.

Flexural Tests

Each of the exposed polymer composite strip types will be tested in triplicate for
flexural strength using the method described in ASTM D 790 (Standard Test Methods for
Flexural Properties of Un-reinforced and Reinforced Plastics and Electrica Insulating
Materials). The test specimens are supported at two points (support span) and loaded in a
conventional “three point loading” configuration.

Tensile Tests

The composite strips will be tested for tensile strength after exposure following ASTM
D 3030 (Standard Test Method for Tensile Properties of Polymer Matrix Composite
Materials).

CONCLUSIONS

It is proposed to conduct accelerated testing on fiber reinforced composites used in the
Navy waterfront infrastructure. Accelerated testing will be completed under salt fog exposure
at high temperatures up to 160°F. This data can be complemented by existing 12-month data
at 95°F already obtained under a previous program. The accelerated testing will allow for
prediction of damage to the composites beyond the first year and prediction of its service life.
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APPENDIX - NUMERICAL EXAMPLE ON THE USE
OF TIME-TEMPERATURE SUPERPOSITION

Assume that a particular composite has an original stiffness of 4. Assume also that the
following values of its stiffness have been observed for three different temperatures and three

different exposure durations.

95°F T =1 month E =396
T = 2 months E=3.82
T = 3 months E=3.75
120°F T =1 month E=3.86
T = 2 months E=3.72
T = 3 months E =3.50
160°F T =1 month E=3.72
T = 2 months E=341
T = 3 months E=3.35
0.61
0.6 —
059 — ] — 95 F
. 0.58 1 S—
After plotting these values on a g 0o
logarithmic scale for both time and 055 —20E
stiffness the following chart is 82;‘ L ienr
obtained. 0:52 | —
0 0.1 0.2 0.3 0.4 0.5 0.6
logT
Since thereis no data for 80°F 092
. ° . 4\
(reference curve) behavior, the 95°F 0.59 - —.
will temporarily be considered the N 823 —
reference temperature. The 120°F 2 056 N\
curve is shifted to the right 0.22 units 0.5 BN
until it is superimposed onto the oo L 160F
o ' ‘ T
reference curve. The 160°F curve 0.52 ‘
requires a shift of 0.52 unitsto the 0 02 0.4 06 08 1 12
right. log T
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0.6
The shift factors used are plotted . 05 *
next, as a function of the absolute g 04
temperature (K). A W-M-L relation £ 03 /
or an Arrheniusrelation is used to E 0.2
describe the shift factor behavior. In 01
this case, the Arrhenius behavior 0 o«
gave: 300 310 320 330 340 350
|og(at) =4.9476 - 15226 Temperature (K)
K
061
06 B Mesier dunve: T=80F
The assumed relation is used to find 059 \-\0\
the shift factor necessary for an 80°F 058 T [10F
(299.7 K) curve. This shiftis equal to 4057 '\
—0.1328. Therefore, the reference g s
curve will be shifted to the right 055 \
0.1328 units to become an 80°F 054 \\
curve, which will be the new master 053 %p
curve. | —a
052
0 02 04 06 08 1 12
logT

In the final curve, it can be seen that the time range now goes from log (tp) = 0.13 to
log () = 1.13. These correspond to 1.4 months and 13.5 months, respectively. This is 4.5
times longer than the original 3-month limit. Therefore, the exposure to 160°F yields an
acceleration factor AF = 4.5 for areference temperature of 80°F.

Extrapolation beyond these boundaries might lead to unrealistic results. Extension to
longer time ranges will be possibleif:

1. Labdatafor longer periodsis measured. Actually, longer exposure times will increase
the accuracy of the computations, but what really will extend the measurable times are
longer exposures for the higher temperatures. For instance, datafor 160°F can be
collected for 4, 6 or even more months.

2. More variability in the degradation is observed. In this case, more shifting will be
necessary to superimpose the master curve. More shifting means more extension into
time.
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