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Abstract: We present an investigation of the effect of long-term water immersion aging on the
thermal/mechanical properties of a ruthenium-catalyzed polydicyclopentadiene (pDCPD) polymer
and associated composites, using an epoxy resin system as a benchmark. The pDCPD neat
polymer showed low-level water absorption after one year of aging due to inherent
hydrophobicity. No plasticization was observed for pDCPD, while significant plasticization
occurred for the epoxy. Salt water aging and deionized water aging had identical effects on
pDCPD and composites, while epoxy materials aged in salt water showed less water absorption
compared to aging in deionized water. We also measured the fiber-interface strength before and
after aging of composites using single-fiber push-out tests. Aging caused decreases in interface

strength, and these decreases led to a decline in composite fatigue strength.
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1. INTRODUCTION

Polymer composites are widely employed in aerospace structures [1], and composite
applications have begun to expand in non-aerospace sectors as manufacturing technology advances

and manufacturing costs decline [2] and [3]. In both aerospace and non-aerospace sectors, which
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include marine, civil infrastructure and energy applications, long-term durability is a major
concern. In such applications, materials are often required to function in service conditions that
involve exposure to multiple, often simultaneous, factors that cause aging in polymeric
composites, including high/low temperatures, moisture, ultra-violet, oxidation, freeze-thaw
cycling, and cyclic loads. Furthermore, components are expected to provide decades of
uninterrupted service with minimal inspection or maintenance. For example, wind turbine blades
must function in aggressive service environments in which multiple aging factors operate,
including fatigue loading, sunshine, temperature cycling, and oxidation. For off-shore wind farms,
moisture and salt corrosion pose additional durability challenges for polymer composites.

Multiple studies have reported the accelerated aging behavior of polymers and composites,
providing useful insights. However, the material response is often complex, and fundamental
behavior that stems from coupled aging factors remains largely beyond our understanding. For
example, in marine applications [4], [5] and [6], aging mechanisms include differential swelling,
residual stress relaxation, and hydrolysis. Cracking, creep, leaching, post-crystallization and even
biodegradation may occur simultaneously or successively. The current study focuses on one major
aging factor - moisture - and investigates its effect on mechanical performance. Common practice
in aging research is to increase exposure temperatures to accelerate moisture aging because low
temperature (room temperature) aging generally requires prohibitively long times to cause
observable changes in properties [7].

Hygrothermal aging causes important changes to polymer composites, often limiting
service life and restricting applications [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25] and [26]. For example, the polymer matrix can undergo
Y. Hu, X. Li, AW. Lang, Y. Zhang, and S.R. Nutt, “Water immersion ageing of polydicyclopentadiene

resin and glass fiber composites” Polymer Degradation and Stability (2015) DOI:
10.1016/j.polymdegradstab.2015.12.008



J'W. E’; r.lll'.lll.'II

Campoiries Ciewmter

plasticization when a moderate amount of water is absorbed [8] and [9], increasing chain mobility
and decreasing glass transition temperature, stiffness, and strength, while also increasing fracture
toughness [10]. Physical aging occurs simultaneously, regardless of moisture level [27], [28] and
[29]. Physical aging is a structural relaxation process and a movement toward equilibrium state, in
which the free volume shrinks. Physical aging increases stiffness, strength, and chemical
resistance, while decreasing ductility. Aging often results in degradation of the fiber—matrix
interface and is thus a major factor that reduces the overall mechanical performance of composites
[11] and [12]. In fact, interface damage reportedly is often the dominant mode of damage in both
static and fatigue failure of aged composites [13], [14] and [15].

Polydicyclopentadiene (pDCPD) reportedly shows superior thermal stability and chemical
corrosion resistance relative to most other polymers [16], [17] and [18], and thus is a potential
candidate for emerging composite applications outside of aerospace, such as wind turbine blades.
Other advantages include intrinsic hydrophobicity controllable curing rate, and low liquid viscosity
which facilitates infiltration during manufacture. However, the long-term durability of pDCPD
under aging conditions of moisture, high temperature and oxidation has not been thoroughly
investigated. Le Gac et al. [16] studied the aging effect of natural seawater on neat pDCPD resin at
90°C-180 °C for up to 18 months, and reported that aging effects were localized to a thin surface
layer in aging environments below Tg where aging was diffusion-limited. They also reported no
evidence of hydrolysis in any environmental condition, indicating the exceptional moisture-
resistance of this material. However, seawater aging above Tg caused effects throughout the bulk
of the composite. The superior thermal stability [17] and abrasive friction resistance [18] of
pDCPD also was confirmed in other reports. In recent years, a new formulation of pDCPD
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(Proxima™, Materia, Inc.) using ruthenium as catalyst was developed. This formulation has shown
promising toughness, high chemical resistance, and low viscosity, although the long-term
hygrothermal aging behavior has not yet been reported.

In this study, we investigated the effect of water immersion aging on this new pDCPD
polymer (Proxima, Materia, Inc.) and associated composites, using a traditional epoxy resin as a
benchmark. After aging in deionized water and salt water, we used thermal mechanical analysis
(DMA) to characterize the thermomechanical properties, and various mechanical test methods
were used to evaluate the evolution of mechanical performance. In the Results and Discussion
section, the effects of aging on the composite matrix, fiber and interface are presented, and the
degradation effects on the overall composite fatigue behavior are assessed. (Detailed analysis of
the fatigue behavior appears elsewhere [19]). The results reveal that low moisture absorption is
critical to the retention of thermal and mechanical properties for pDCPD materials after aging.
Analysis of the results demonstrates that these factors must be taken into account when designing

components for composite applications involving hygrothermal service conditions.

2. EXPERIMENTAL

2.1. Sample preparation

The pDCPD neat polymer (Proxima™, Materia, Inc., Pasadena, CA) and unidirectional (UD)
glass fiber composite samples were manufactured using conventional vacuum infusion techniques.
E-glass fiber was selected (94 wt% PPG Hybon® 2026 in the warp direction and 6 wt% PPG

Hybon® 2002 in the weft direction). The density of glass fibers was 2.63 g/cm? (from the

manufacturer) and fiber volume fractions were ~58%, determined from burn-out tests. Both neat
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polymer and composite samples were cured at 30 °C for 2 h, then at 100 °C for 30 min, per
manufacturer's specification.

An epoxy resin system widely used for wind turbine blades was selected as a benchmark
material (Epikote™ 135 resin with 137 hardener, Momentive, Inc.), and samples were prepared in
the same way as pDCPD samples, although the epoxy samples were cured at 80 °C for
8 h Table 1 shows the basic properties of the two cured resins. Measurement of Tq were performed
by DMA, as described below, and mechanical properties were measured by quasi-static tensile
tests, also described below.

Table 1. Basic properties of cured pDCPD and epoxy neat polymer.

Tg Density  Tensile modulus Ultimate tensile strength Tensile

(°C) (g/cm®)  (GPa) (MPa) elongation
pDCPD 124 1.05 3.1 73 2.7%
epoxy 101 1.15 2.9 64 3.4%

2.2. Aging conditions

Two aging environments were used to compare the effects of pure water and salt water aging:
(1) immersion in deionized water at 60 °C, and (2) immersion in 3.5 wt% NaCl water solution at
60 °C. The chosen temperature was sufficient to cause observable changes in properties, yet
insufficient to activate aging mechanisms operative only near or over Ty (Table 1) [16]. Condition
(1) 1s hereafter referred as “DI water”, and condition (2) is referred to as “salt water”. The samples
were immersed in water storage tanks (500 x 250 x 200 mm, length x width x height) and the
aging solution was refreshed every week. The solution was exposed to air, allowing for dissolution

of oxygen, although no bubbling was used to expedite the oxidation process.

Y. Hu, X. Li, AW. Lang, Y. Zhang, and S.R. Nutt, “Water immersion ageing of polydicyclopentadiene
resin and glass fiber composites” Polymer Degradation and Stability (2015) DOI:
10.1016/j.polymdegradstab.2015.12.008




X

2.3. Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis (DMA, TA Instruments, Q800) was conducted to monitor the
change in glass transition temperature (Tg) and thermomechanical properties after aging. A single
cantilever beam sample was used (ASTM D7028), and samples were cut from 4-ply composite
laminates to standard dimensions (35 x 12 x 3.2 mm, length x width x thickness). The temperature
was ramped from 40 °C to 160 °C at a rate of 5 °C/min. A loading frequency of 1 Hz and strain
amplitude of 2 um were used, and the storage modulus, loss modulus and tan(d) curves were

recorded.
2.4. Fracture toughness

The fracture toughness of neat polymer samples was measured to determine the effects of
hygrothermal aging (plasticization or strengthening). Tests were conducted in accordance with
ASTM D5045, and test samples were single-edge-notch beams (SENB). The dimensions of the
SENB samples were 80 x 16 x 8 mm (length x width x thickness), determined by several iterations
of trial tests to yield valid measurements. Neat polymer dogbone samples (ASTM D638) were also
aged and tested in tension for validation purposes. The dimensions of the dogbone sample were
70 x 10 x 4 mm (gauge length x width x thickness).

The SENB samples were first notched and pre-cracked, then loaded in 3-point bending (3 PB)
to failure using a load frame (Instron 5567). The notch and pre-crack were created after aging to
avoid blunting during aging. The span length of the 3 PB fixture was 32 mm, and the loading rate
was 10 mm/min. At least three samples with valid results were tested per test condition to yield
reliable data. The load—displacement curve was recorded to calculate mode | fracture toughness

(Kic).
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2.5. Quasi-static tension

Tensile tests of 0° composite samples were conducted according to ASTM D3039 using a load
frame (Instron 5585H). Samples were cut from 2-ply composite laminates to dimensions
200 x 25 x 1.6 mm (length x width x thickness). Tabs on both ends and on both sides of the
sample were used to prevent stress concentration and failure in the grips during testing. The
dimensions of the tab were 50 x 25 x 3.2 mm (length x width x thickness). Samples were loaded in
tension at a rate of 2 mm/min until rupture, and at least five samples were tested per test condition.
An extensometer (Instron 2630-109) was clipped onto the gauge length of the sample to measure
extension. Load and strain were recorded, while elastic modulus, ultimate tensile strength and
elongation were determined/calculated after testing.

2.6. Short-beam shear

The interlaminar shear strength (ILSS) was evaluated by conducting short-beam shear (SBS)
tests according to ASTM D2344. Samples were cut from 4-ply laminates to dimensions of
19 x 6.4 x 3.2 mm (length x width x thickness), and the fiber direction was along the length
direction. Samples were loaded in 3-point bending (3 PB) at a loading rate of 1 mm/min until first
failure occurred, and at least five samples were tested per test condition. The span of the 3 PB

fixture was set to 12.7 mm, in accordance with the test standard.
2.7. Fiber push-out

Unlike most methods for quantitative measurement of interface strength [30], [31], [32], [33]
and [34] (including fiber pull-out, fiber fragmentation, micro-droplet tensile test), the fiber push-
out method [32], [33] and [34] does not require preparation of single-fiber composites. The push-

out test also affords the ability to make measurements on fibers in samples with process histories
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(and aging histories) identical to those of bulk composites. In the test, a thin section (~ 10 x the

fiber diameter) is prepared transverse to the fiber direction, and a single fiber is pushed out using a
truncated cone indenter. Fig. 1 shows an image after interface slippage during a push-out test on a
glass fiber-pDCPD composite. The load, time and displacement are recorded during the test, and

the apparent interface shear strength tapp IS calculated using Eqgn. (1):

i, F
WP DL 1)

Fig. 1. Fiber push-out of glass/pDCPD composite.

in which F is the load when push-out occurs, D is the fiber diameter, L is the fiber length (i.e.,
sample thickness).

The push-out test apparatus resides in a scanning electron microscope (SEM, JEOL JSM-
6610LV) and consists of a diamond tip (Hysitron, 10 um tip diameter), a load sensor (Honeywell
FSG020, resolution 0.4 mN, range £5 N), a driving motor (McLellan, resolution 0.25 um), a
sample support, an 1/O interface (National Instruments), and control software (LabView). The

tester is built on. The sample is supported on an aluminum stub with 0.5 mm grooves. Fibers in the
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groove region can be pushed out without resistance from the aluminum support platform. To
prepare the sample, a thin section (~1 mm) is cut transverse to the fiber direction, and both sides

are abrasively polished. The target sample thickness for glass fiber composites is 100 um. The

fiber diameter is measured directly from the SEM image.
2.8. Fatigue

Tension—tension fatigue tests were conducted on 0° composites using a hydraulic load frame
(Instron 8500R-1331) in air in a well-ventilated room to study the effects of aging. Samples were
identical to those used for 0° quasi-static tensile tests, and tests were conducted following
ASTM D3479 (for testing) and ASTM E739 (for data interpretation). Experiments were conducted
under load control, and the stress ratio R was set to 0.1, which is a commonly used value for tensile
fatigue of polymer composites [3] and [19]. A loading frequency of 5 Hz was used, which is not
low enough to avoid significant heating of the sample. The maximum temperature rise was less
than 3 °C, monitored by a thermocouple attached to the sample surface. Samples were cycled to
rupture, and the cycles to failure (N) was recorded together with the stress (S) applied. If the
sample did not fail after 10° cycles, the test was terminated because of time limit. This cycle
number is described as run-out cycle. By summarizing the S—N curves from different aging times,
environments and matrix, we can analyze the effect of aging type and time on the fatigue behavior

of the different composites.

Y. Hu, X. Li, AW. Lang, Y. Zhang, and S.R. Nutt, “Water immersion ageing of polydicyclopentadiene
resin and glass fiber composites” Polymer Degradation and Stability (2015) DOI:
10.1016/j.polymdegradstab.2015.12.008



;w. C {.l'.l'..llrn'll

Campoiries Ciewmter

3. RESULTS AND DISCUSSION

3.1. Matrix degradation

Fig. 2 shows the weight change for different samples in the two aging environments for aging
periods up to one year. Samples were first wiped dry before weighing on a digital scale. Five
samples per condition were measured and the standard deviation was less than 10%. The sampling

points are 0, 1, 3, 6 and 12 months and they share the same symbol definitions as in Fig. 2b.
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Fig. 2. Weight change during aging.

Fig. 2a shows that SENB samples of pDCPD neat resin exhibited a slight decrease in weight
in the first month, then gradually gained weight over the following 11 months. Saturation was not
reached despite aging for one year. Note that water absorption is not equal to weight change
because other mechanisms affecting sample weight, such as oxidation and leaching, can operate
concurrently. The weight decrease noted in the first month was attributed to small molecules, such
as DCPD monomers and oligomers, diffusing out of the sample. The subsequent weight increase

was caused by molecular water diffusion into the polymer network (water molecules can exist in a
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free or bound state with the polymer chains). In comparison, epoxy samples showed much faster
and greater weight gain and approached saturation after twelve months of aging. While small
molecules may diffuse out of the sample, this effect was more than compensated by the much
faster and concurrent water absorption process. The significant difference in the amount of water
absorbed by pDCPD and epoxy resins is readily explained by the intrinsic hydrophobicity of
pDCPD and the hydrophilic hydroxyl groups in epoxy networks. The addition of salt to the aging
solution led to reduced water absorption for the epoxy samples, which was attributed to a lower
water activity in the presence of salt. In contrast, pDCPD samples showed negligible weight
change during salt water aging.

Fig. 2b shows the weight change of 4-ply composite laminates. Note that 4-ply laminates
(200 x 200 x 3.2 mm, length x width x thickness) were first aged, then sliced into tensile coupons
just prior to testing. Thus, the water diffusion mechanism for these laminates was identical to that
for the neat polymer. The one exception was that the epoxy composite showed much greater water
absorption when aged in DI water compared to aging in salt water, and the difference was greater
for the epoxy composites than for the neat polymer samples. This phenomenon can only be
explained by an additional mechanism for water diffusion and storage operating in the composites
- capillary diffusion along debonded fiber—matrix interfaces [11]. (The possibility of water
absorption by voids was discounted because voids were not detected in microscopic examinations
of polished sections of both composites.)

By comparing Fig. 2a and b, we can evaluate the influence of the fiber—matrix interface on
water absorption in the composites, assuming that glass fiber does not absorb water. After one year
of aging in DI water, the weight gain of pDCPD neat resin is 0.83% while the weight gain of
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pDCPD composite is 0.65%. If we assume the composite matrix gained the same percentage as in
the neat resin and use the measured fiber volume fraction, the weight gain contribution from the
matrix should be 0.2%. Thus, the weight gain from sources other than matrix swelling for the
pDCPD composite is 0.45%. Using the same calculation procedure, the weight gain from sources
other than matrix swelling for the epoxy composite is 1.36%. These sources primarily include
water uptake by interfaces and oxidation on sample surfaces. If we assume that the weight gain
from oxidation is similar for both composites (based on similar geometry), the greater water uptake
by epoxy composites can be attributed to absorption at interfaces.

Fig. 3 shows the tan(o) curves for the two composites as a function of temperature for different
aging times. The T4 of the pDCPD samples increased slightly after two months of aging, then
remained constant during additional aging. At the same time, the peak height and width of the
tan(o) curve decreased monotonically with increasing aging, indicating diminishing chain mobility.
The slight increase in Tq within the first two months can be attributed to post-curing, thermal
effects and/or surface oxidation. After this initial stage, chain mobility of pDCPD decreased
slowly, which is typical of physical aging. The small amount of absorbed water caused no

observable plasticization of pDCPD.
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Fig. 3. Tan(d) curve evolution during aging from DMA.,
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For epoxy composites (Fig. 3b), aging for two months caused the Ty to decrease significantly,
from 101 °C to 84 °C, and the peak of the tan(d) curve increased and broadened. These are marked
features of plasticization - absorbed water molecules existed in a free state and acted as a lubricant,
facilitating sliding between polymer chains. Continued aging for an additional ten months
caused Tqto increase slightly, albeit to a much lower value than the pre-aged Tg. This slow
increase in Ty can be partly attributed to post-curing and physical aging. Although the increase in
peak height and width is not consistent with physical aging, the trend of Tq first decreasing and
then increasing during aging has been reported in multiple studies of epoxy hygrothermal
aging [22], [23], [24], [25] and [26]. Some investigators have pointed out that this phenomenon

can be caused by water molecules that strongly bond to polymer chains during long-term
aging [22] and [23]. Fig. 3b also shows a small second peak at ~120 °C (arrow), which might

result from this mechanism.

Matrix plasticization resulting from aging is also manifest by changes in fracture toughness.
Plasticization decreases the matrix strength while simultaneously enhancing fracture
toughness [10]. The enhanced fracture toughness can be beneficial to fatigue performance, because
matrix cracking plays an important role in the damage accumulation process leading to fatigue
failure [19]. Fig. 4 shows the evolution of Kic for the neat polymer during aging. Note that the four
groups of samples were aged and tested at the same time points - the data points are artificially

offset to show symbols clearly. Similarly, an error bar is shown for only one data point (with the
maximum error) for clarity. The Kic of pDCPD decreased slightly (~10%) after aging for one

year, and the embrittlement was attributed to thermal aging. The Kic of epoxy, on the other hand,
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evolved in a markedly different fashion. The Kic of the unaged epoxy was relatively low (about
30% of pDCPD), but increased significantly within the first three months, and was unchanged
between the third and sixth months. After six months of aging, the evolution of Kic was consistent
with the evolution of water absorption (Fig. 2a) and T (Fig. 3b), indicating that the absorbed water
caused matrix plasticization. However, after one year of aging, Kic increased, despite the fact that
saturation had been reached by six months of aging. The observed increase in Kic occurred
simultaneously with the appearance of the (second) small peak in the tan(o) curve ( Fig. 3b), and
was tentatively attributed to strongly bonded water molecules. After one year of aging, the Kic of

the two resin systems was comparable.
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Fig. 4. Fracture toughness of neat cured resin.

3.2. Tensile strength degradation

Fig. 5 shows the static tensile strength evolution of 0° composites. In the graph, only the
maximum error bar is shown for clarity. The degradation of 0° tensile strength depends only on

aging time, and is unaffected by the matrix type or aging environment. The only exception arises
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in the case of DI water aging of epoxy composites, where significant moisture absorption occurred.
The average strength retention after one year of aging compared to the unaged condition is 42%,
indicating significant loss of strength. The strength decrease is attributed to degradation of fiber

strength, matrix strength and fiber-interface strength, because all three types of failure occur during
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Fig. 5. Tensile strength evolution of 0° composite during aging.
3.3. Fiber—matrix interface degradation

Fig. 6 shows the evolution of interface shear strength as a function of aging time, as
determined from fiber push-out tests. Note that the aged samples were measured one year after
they were removed from the aging environment, and although samples were stored in sealed
plastic bags, some dehydration may have occurred. Thus, the interface strength values shown in
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Fig. 6 represent permanent interface damage, albeit in conditions different from the wet condition
immediately after aging. (All other test data shown in this study were acquired at the end of each
aging period.) The interface strength can undergo partial recovery during this one-year storage
period. The aging time points shown in Fig. 6 are 0, 3, 6 and 12 months - data points for the epoxy
composite are artificially offset. Each data point represents 15 valid tests, and the error bars

represent standard deviations.
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Fig. 6. Interface strength evolution from fiber push-out test (60 °C DI water).
Fig. 6 also shows that the interface shear strength (zapp) Of the glass/pDCPD composite prior to
aging is similar to that of the glass/epoxy composite. The measured interface strength values prior
to aging (43 MPa for pDCPD composites and 34 MPa for epoxy composites) are within the range

of values previously reported from fiber push-out tests[32],[33]and [34]. The value
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of zapp decreases continuously with aging time for both composites, and continues decreasing after
one year of aging, indicating the continuous damage to the interface caused by hygrothermal
aging. The interface strength retention of pDCPD composites is 60% after one year of aging. The
two composites show similar values of zapp in the aged condition, although these values may differ
from values measured immediately after aging.

Fig. 7 shows the short-beam strength (SBS) evolution with aging time. (Again, only the
maximum error bar is shown for clarity.) The SBS depends both on the matrix shear strength and
the interface shear strength, while the dependence on fiber strength is negligible because fiber
breakage generally does not occur in interlaminar shear failure. Microscopic inspection revealed
that failure occurred by delamination between plies due to shear, indicating valid test results. The
pDCPD composite exhibited a slow and steady decrease in SBS with increasing aging time, and
the integrity of the fiber interface was well-preserved. The retention of SBS for pDCPD
composites after one year of aging is 85%, and this trend is consistent with the hydrophobicity of
pDCPD matrix, as discussed previously. In contrast, epoxy composites showed a significant and
continuous decrease in SBS during aging for one year, and the SBS after one year of aging

decreased to 40% of the pre-aged value.
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Fig. 7. Short-beam strength evolution during aging.

3.4. Combined aging effects on fatigue performance

The aging-induced degradation of matrix, fiber, and interface has been discussed in the
preceding sections, and this section will focus on the combined effects on fatigue behavior. Fig. 8
shows a summary of S—N curves from 0° tension-tension fatigue tests. Fig. 8a shows data for
pDCPD composites and Fig. 8b shows a comparison between pDCPD and epoxy composites. Data
points with arrows indicate run-out samples. The two composites showed similar S—N curves for

the pre-aged condition (solid lines), indicating comparable resistance to fatigue loading.
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Fig. 8. Tension—tension fatigue S—N curve of 0° composite.

After one month of aging, the high-cycle fatigue (HCF) strength for pDCPD composites
increased, while aging had a negligible effect on the low-cycle fatigue (LCF) strength. In general,
damage accumulation at interfaces was the dominant factor controlling total high-cycle fatigue life.
Thus, in the present case, the effect of matrix strengthening outweighed the effect of interface
strength degradation and led to increased fatigue resistance of the composite. Additional factor
worth mentioning is the possibility of water evaporation during fatigue test (>20 h). If the moisture
content changes during fatigue testing, the fatigue behavior can differ from the “fresh wet”
condition. However, because the sample temperature increases <3 °C during fatigue tests, the
possible effect of any water evaporation is likely to be negligible. For LCF, water evaporation is
negligible because of the short test times. In the LCF range, the number of loading cycles was
relatively low, and the failure mode resembled static failure, in which fiber strength plays an
important role. In this case, the effect of fiber strength decrease and matrix strengthening

counterbalances, and thus the fatigue strength of the composite as a whole was unchanged.
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After aging for one month, the HCF strength of epoxy composites remained unchanged, while
the LCF strength decreased. The apparent stable HCF strength resulted from compensating effects
of matrix toughening (Fig. 4) and interface degradation (Fig. 6). The LCF strength, on the other
hand, decreased, because the effects of fiber and interface strength degradation outweighed the
effect of matrix plasticization.

After 3 months of aging, the fatigue strength of both pDCPD and epoxy composites decreased
significantly. The decrease can be attributed to three types of concurrent degradation: Matrix
degradation, plasticization, oxidation and chain-scission cause the decrease in matrix strength. The
glass fiber strength is also decreased, as evidenced by the strength drop in 0° composites. And the
interface bonding is also weakened, as confirmed from single fiber push-out tests. The 0° fatigue
strength degradation is interpreted as a combined effect of the degradation of all components in the
composite. Both pDCPD and epoxy showed decrease in fatigue strength, although the pDCPD

sample showed superior strength retention under similar aging conditions.

4. CONCLUSIONS

We have investigated the effects of hygrothermal aging on a ruthenium-catalyzed pDCPD neat
polymer and glass fiber composite, using a traditional epoxy resin system as a benchmark material
for comparison. The pDCPD matrix showed strengthening by thermal aging and resistance to
water absorption. Consequently, pDCPD composites showed superior fatigue strength retention
after long-term aging, especially in the high-cycle fatigue regime. In contrast, epoxy absorbed
more water during aging and was significantly plasticized, resulting in significant decrease in the

fatigue strength of the epoxy composite. For pDCPD composites, aging in salt water showed no
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different effects from aging in DI water, while salt water aging of epoxy composites showed less
water absorption compared to aging in DI water.

The superior resistance of pDCPD composites to hygrothermal aging makes them suitable for
potential applications in service environments involving exposure to moisture and high
temperatures, including wind turbine blades, offshore oil platforms, protection shells for oil risers,
and both marine and land vehicles. However, before such composites can be deployed in such
applications, investigations are required to understand other types of aging and associated damage
mechanisms, such as ultraviolet exposure, freeze-thaw cycling, thermal oxidation, and creep. For
marine applications in particular, the possible effects of moisture on glass fibers and coatings must
also be considered. Furthermore, in most practical applications, multiple types of aging occur
concurrently and the effects couple, resulting in complex interactions and uncertain longevity.
These interactions will have important implications for property retention and longevity in severe
service environments. However, the intrinsic hydrophobicity of pDCPD coupled with the ease of
infusion resulting from low resin viscosity offer distinct advantages over competing polymer in
certain demanding applications, particularly those involving humidity, high temperatures, and
cyclic loads.
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