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Abstract Fiber-reinforced composite laminates are

often used in harsh environments that may affect their

long-term durability as well as residual strength. In

general, environmental degradation is observed as

matrix cracking and erosion that leads to deterioration

of matrix-dominated properties. In this work, cross-ply

laminates of carbon fiber reinforced epoxy were sub-

jected to environmental degradation using controlled

ultraviolet radiation (UV) and moisture condensation

and the post-exposure mechanical properties were

evaluated through elastic modulus and failure strength

measurements. Additionally, both degraded and unde-

graded were subjected to cyclic fatigue loading to

investigate possible synergistic effects between envi-

ronmental degradation and mechanical fatigue. Exper-

imental results show that the degradation results in

reduced failure strength. Greater effects of degradation

are observed when the materials are tested under

flexural as opposed to uniaxial loading. Based on

strength measurements and scanning electron micros-

copy, we identified various damage modes resulting

from exposure to UV radiation and moisture conden-

sation, and cyclic loading. The principal mechanisms

that lead to reduction in mechanical properties are the

loss of fiber confinement due to matrix erosion, due to

UV radiation and moisture condensation, and weakened/

cracked ply interfaces due to mechanical fatigue. An em-

pirical relationship was established to quantify the

specific influence of different damage mechanisms and

to clarify the effects of various degradation conditions.
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Introduction

Fiber reinforced composites offer significant advantage

over traditional materials. However, composites are

susceptible to degradation by moisture, temperature,

ultraviolet (UV) radiation, thermal cycling and me-

chanical fatigue. For example, when exposed to humid

environments, carbon-epoxy composites absorb mois-

ture, which leads to changes in the thermophysical,

mechanical and chemical characteristics of the epoxy

matrix by plasticization and hydrolysis [1–3]. These

changes in polymer structure can lower both the elastic

modulus and the glass transition temperature [4–6].

Furthermore, moisture absorption induced dilatational

expansion can also cause irreversible damage at the

fiber-matrix interface and along interlaminar bound-

aries due to material property mismatch. For the

increased reliability and durability of these materials,

their capacity for sustained performance under harsh

and changing environmental conditions must be quan-

tified. A recent study [7] examined the physical,

chemical and mechanical degradation of an IM7/997

carbon fiber reinforced epoxy composite following

exposure to UV radiation and/or water vapor conden-

sation. Based on observations of physical and chemical

degradation, it was concluded that these two environ-

ments operate in a synergistic manner, which causes

severe microcracking and erosion of the epoxy matrix.
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Composite structures are often subject to various

environments as well as repeated mechanical loading.

For example, fatigue by cyclic load is an inherent issue

in rotating components such as rotor blades for he-

licopters and wind turbines that are also exposed to

various environmental conditions. Furthermore, fail-

ure due to cyclic loading is by far the most common

type of in-service failure observed for composite

materials [8]. Thus it would be valuable to understand

combined effects of environmental conditions and

cyclic loading. Damage accumulation during cyclic

loading is significantly more complex in composites

than in metals or ceramics. The complex internal

microstructure of composite materials introduces var-

ious modes of damage such as delamination, matrix

cracking, debonding, ply failure and fiber breakage.

These damage modes may act in concert with one

another to produce a collective result. Often the dam-

age accumulation process is characterized by the

initiation of numerous small cracks rather than the

propagation of a dominant crack, as observed for met-

als. Finally, the particular fatigue response of a com-

posite, under a given loading condition, depends on

the properties of each ply and the stacking sequence

[9, 10]. Challenges in studying the fatigue of compo-

sites are magnified when environmental degradation is

also taken into account. Environmental exposure leads

to physical/chemical degradation that affects the

baseline material properties and can also provide

localized damage initiation sites for damage accumu-

lation under fatigue loading. As a first step towards

understanding these effects, this study is focused on

the fatigue response of composites that have been pre-

exposed to environmental degradation conditions, viz.

UV radiation and moisture condensation. Changes

in elastic moduli as well as the residual strength are

measured and investigated. Our objective is to better

estimate composite integrity and durability under

accelerated aging environments through the identifica-

tion of basic underlying failure mechanisms. It should

also be noted that while significant research has

been focused towards understanding the effects of

the hygrothermal aging on fatigue response of compo-

sites, similar investigations which also account for

exposure to UV radiation and mechanical fatigue are

non-existent.

Experimental Procedure

Material and Specimen Description

The effects of various degradation mechanisms were

investigated on the IM7/997 carbon fiber reinforced

epoxy composite. This composite is under development

and qualification for application to aerospace and

rotorcraft structures and is expected to provide higher

damage tolerance than currently qualified materials such

as IM7/5271-1 [11]. Specimens with dimensions of 152 �
12 � 1.2 mm were prepared from [0/90]2S laminates of

IM7/997 provided by Cytec Engineered Materials

(Anaheim, CA). Figure 1 shows a schematic represen-

tation of the cross-ply composite laminate. The fiber

volume fraction was determined to be 58 T 1% based

on image analysis of polished cross-sections. The spec-

imens were machined using a high-speed diamond saw,

with water used as coolant to minimize cutting damage.

Specimen edges were then polished using 120, 400 and

600 grit metallographic papers to remove any surface

damage, which might have been introduced during the

machining process. The cut and polished specimens were

then stored in a desiccator at ambient temperature

typically for one to two weeks prior to subjecting them

to any environmental exposure condition.

Environmental Exposure Conditions

Various exposure conditions were imposed upon the

specimens in a QUV/Se weathering chamber (Q-Panel

Lab Products, Cleveland, Ohio). The QUV/Se repro-

duces accelerated conditions by sunlight, rain and dew

by exposing materials to controlled cycles of UV ra-

diation and water vapor condensation. The UV ra-

diation is generated by fluorescent lamps that simulate

the UV component of solar radiation in the 295–365

nm wavelength range. The intensity of UV radiation is

continuously monitored and controlled by four irradi-

ance detectors. Water condensation is provided by the

generation of vapor from a water bath. This condenses

on the specimen surface and thereby simulates rain

and dew. The IM7/997 [0/90]2S specimens were sub-

jected to three different environmental exposure con-

ditions, as summarized in Table 1: (a) 500 hours of

Fig. 1. Schematic represen-
tation of the [0/90]2S carbon
fiber-reinforced crossply
composite laminate
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continuous UV radiation, (b) 500 hours of continuous

vapor condensation and (c) 1000 hours of exposure to

alternating UV radiation and vapor condensation

using a 6 hour repeat cycle. In the last exposure, the

specimens were exposed to alternating cycles consist-

ing of 6 hours of UV radiation followed by 6 hours of

condensation. This combined exposure condition was

selected based on our earlier investigations that have

demonstrated synergistic effects of the two environ-

mental conditions [7].

Cyclic Loading

Uniaxial tension-tension cyclic loading tests were

performed on specimens that had been subjected to

different environmental exposure conditions to inves-

tigate the mechanical fatigue response. The test were

conducted under three different maximum load levels,

f = 0.25, 0.50 and 0.75, using the load-controlled mode

on a servo-hydraulic universal testing machine in

accordance with the relevant ASTM standard [12].

Here f denotes the maximum applied load Pmax

normalized by the ultimate tensile strength (UTS) of

an undegraded and non-fatigued [0/90]2S specimen.

The minimum to maximum load ratio (i.e., Pmin /

Pmax), was set to 0.1 and the loading frequency was

kept at 5 Hz to minimize hysteresis induced heating.

All the specimens were fatigued for 100,000 cycles and

the real-time change in elastic modulus during fatigue

was measured using an extensometer attached to a

specimen [13]. Typical variations of the longitudinal

moduli during the cyclic loading of specimens that

were pre-exposed to 500 hours of moisture condensa-

tion is shown in Fig. 2 for the three different fatigue

load levels. In general, a gradual increase in the

modulus was observed for low amplitude fatigue ( f =

0.25) while the modulus tended to decrease under high

amplitude fatigue ( f = 0.25).

After mechanical fatiguing the specimens were

subjected to three-point-bend tests to measure the

net change in flexural modulus. Table 2 lists the net

change in uniaxial and flexural moduli. Essentially, the

modulus drop was greater for specimens subjected to

environmental degradation and higher amplitudes of

cyclic loading. For all specimens subjected to low am-

plitude fatigue ( f = 0.25) a slight increase in modulus

was observed as compared to specimens that were not

subjected to fatigue. This highly counter-intuitive

observation was validated by repeated testing and by

using strain gage measurements both during and at the

end of fatigue loading. At first, this phenomenon was

thought to occur simply due to the re-alignment of

misaligned fibers. However the straightening of fibers

could not have generated the observed õ10% increase.

Furthermore, we had not observed a similar behavior

for uniaxial [0]8 laminates. Thus it appears the source

of increase in elastic modulus could be due to the

release of residual deformation /stresses along the cross

ply boundaries. It is also worth noting that elastic

modulus of 85 GPa measured for un-degraded specimens

that were fatigue at f = 0.25 specimen is very close to the

value estimated by the rule-of-mixture using the

constituent properties and fiber volume fraction.

Surface Morphology of Damaged Specimen

Various damage phenomena can be observed in the

SEM micrographs shown in Fig. 3. A major visible

damage due to the environmental degradation by UV

radiation and moisture condensation is the matrix

erosion as shown in Fig. 3(a). Here the matrix erosion

is clearly visible in the 90- ply. Internal matrix cracking

is also observed in this micrograph. The mechanically

fatigued specimen without environmental degradation

shows long transverse cracks in the 90- ply, as shown in

Fig. 3(b). Without surface erosion by UV radiation and

moisture condensation, other effects are not visible

from this micrograph. However more details can be

observed in specimens subjected to combined environ-

Table 1 Specifications of the different environmental conditions

Environmental

condition

Test specifications

500 hours UV

radiation

Irradiance level of 0.68 W/m2 at 340 nm

and T = 60-C

500 hours

condensation

Condensation at T = 50-C and 100%

relative humidity

1000 hr cyclic

exposure

Repeated UV radiation and condensation

in 6 hr cycle

Fig. 2. Variations of elastic modulus subjected cyclic loadings at
various load amplitude
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mental degradation and fatigue loading. Figures 3(c)

and (d) show the cross section of a specimen that was

exposed to alternating UV radiation and moisture

condensation, and then subjected to fatigue loading at

f = 0.75. Fiber breakage as well as interface debonding

between 0- and 90- plies is clearly evident. In fact

the delamination crack can be quite long, as shown in

Fig. 3(d). The synergistic effects of UV radiation and

condensation lead to significant material deterioration

which accelerates damage accumulation under cyclic

load fatigue. In addition, although not visible from the

micrographs, it is possible that there may be substan-

tial fiber-matrix debonding, which can lead to reduc-

tion in residual strength.

Fig. 3. SEM micrographs of various specimen showing different types of damages. (a) Only environmental degradation by moisture
and UV. (b) Only mechanical fatigue at f = 0.75. (c) & (d) Combined mechanical fatigue ( f = 0.75) and environmental degradation
(moisture and UV)

Table 2 Measured effective modulus under uniaxial tension and flexural load after environmental degradations and cyclic load fatigue

Undegraded UV Moisture UV-moisture

Uniaxial modulus of uniaxial plies without fatigue (GPa)

Ply sequence

[0]8 156 T 4 154 T 1 (j1%) 154 T 1 (j1%) 155 T 1 (1%)

[90]8 9.9 T 1 9.2 T 1 (j6%) 9.6 T 1 (j2%) 9.5 T 1 (j4%)

Uniaxial modulus of cross-ply [0/90]2s with fatigue (GPa)

Fatigue level

0 78 T 2 78 T 1 (0%) 76 T 1 (j2%) 74 T 1 (j5%)

0.25 85 T 1 (9%) 86 T 2 (10%) 84 T 2 (8%) 79 T 2 (j1%)

0.50 72 T 2 (j8%) 74 T 1 (j5%) 74 T 1 (j5%) 72 T 1 (j8%)

0.75 73 T 1 (j7%) 66 T 1 (j15%) 64 T 2 (j18%) 58 T 1 (j26%)

Flexural modulus of cross ply [0/90]2s with fatigue under three-point-bend (GPa)

Fatigue level

0 73 T 1 72 T 1 (j1%) 72 T 1 (j1%) 75 T 1 (j11%)

0.25 78 T 1 (7%) 76 T 2 (4%) 73 T 2 (0%) 69 T 2 (j5%)

0.50 70 T 2 (j4%) 70 T 1 (j4%) 70 T 1 (j4%) 66 T 1 (j10%)

0.75 69 T 1 (j5%) 68 T 1 (j7%) 68 T 1 (j7%) 61 T 1 (j16%)

The results are the average of two specimens with spread shown. Relative changes as respect to virgin specimens are noted in parentheses
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Classifications of Various Damage Modes

Environmental Degradation

Based on current observations and past studies on

environmental degradation of composites, exposure to

UV radiation and moisture condensation can generate

various modes of damage. UV radiation induces pho-

tochemical reactions in the polymeric matrix leading

to embrittlement and microcracking, which enhances

loss of fiber confinement during mechanical fatigue.

Moisture absorption leads to dilatational expansion

and also chemical changes such as plasticization and

hydrolysis. When these composites are exposed to

alternative UV radiation and moisture condensation,

synergistic mechanisms lead to material removal in

the form of matrix erosion [7]. This is a major damage

mode, unique to combined exposure in which moisture

condensation washes away the water-soluble products

of UV initiated photochemical reactions. While mate-

rial erosion is limited to the surface layers, this can

produce significantly adverse effects on the modulus

and strength, especially under flexural loading. These

factors are discussed in later sections.

Mechanical Damage

Mechanical loading can cause direct damage to com-

posites, e.g., impact loading may cause fiber breakage

as well as cracking. This investigation considers the

type of damage that result from cyclic loading when

the maximum load level is less than the ultimate

failure strength. The fatigue loading of composites at

load amplitudes less than one-third of the ultimate

strength load has received only limited attention it

has been shown that only minimal damage accumula-

tion occurs as long as the duration of loading is long.

Furthermore, our own investigation shows that at

fatigue load amplitudes of one-quarter of the ultimate

load the composite may exhibit a counterintuitive

increase in modulus. Once the fatigue the load level

reaches about half of the ultimate load, various dam-

age modes start to appear, such as fiber breakage,

matrix cracking and interlaminar decohesion. The

quantitative effects of various damage modes are

described next.

Consequences of Various Types of Damage

Although our composites were subjected to different

type of environmental and mechanical degradation

resulting in a host of damage types, the individual ef-

fects are examined first.

Matrix erosion

The loss of near surface polymeric matrix occurs under

combined exposure to alternating UV radiation and

moisture condensation. The depth for 1000 hours of

combined exposure was observed to be 15–30 mm,

which is õ1–3% of the original laminate thickness. At

first it was presumed that these losses in the epoxy

matrix were too small to have any effect on the overall

mechanical characteristics of composites since most of

the load is borne by the carbon fibers. However, the

matrix is responsible for load transfer to the fibers, and

this erosion will lead to a lack of fiber confinement,

especially under flexure as shown in Fig. 4(a). Assum-

ing these loose fibers do not contribute to any stiffness

of the composite, their effects can be approximated as

surface thinning. The resulting decrease in flexure

modulus due to surface thinning can be determined

using laminate theory and is shown in Fig. 4(b) for the

case of our [0/90]2S composite. It suggests that, for say

3% thinning, there is a 13% decrease in flexure mod-

ulus, which is very close to the experimental observa-

tion of 11% listed in Table 2. It is worth noting that the

reduction in fiber-matrix load transfer due to a loss of

the matrix phase can lead to detrimental effects even

under tensile loading conditions.

Fiber breakage

Limited fiber breakage was observed using scanning

electron microscopy for fatigue loading amplitudes of

Fig. 4. (a) Schematic of loose fibers under bending. (b) Drop in
flexural modulus shown for equivalent thinning of surfaces of
composites
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f = 0.5. The amount of breakage increased substantial-

ly for fatigue loading at higher loads of f = 0.75. Fiber

breakage leads to disruption in the load transfer path

along the loading direction and thus directly to a

decrease in the effective modulus. Since in our [0/90]2S

composites loaded under tension, the majority of load

is carried by the fibers in 0- ply, the breaking of these

fibers directly leads to a measurable decrease in the

effective modulus. In fact, the relative amount of fiber

breakage is directly proportional to the decrease in

modulus, e.g., 5% fiber breakage leads to 5% decrease

in modulus. Thus, the loss of load transfer can occur

either through the matrix erosion as described previ-

ously or through the loss of fiber-matrix debonding

and fiber breakage during cyclic load. While environ-

mental degradation may also promote fiber-matrix

decohesion the exact nature of this mechanism is not

clear at the moment.

Matrix cracking

Various types of matrix cracks were observed using

scanning electron microscopy. Some long cracks were

observed in 90- plies, as shown in Fig. 3(b). Due to

surface matrix erosion, these long cracks were not

clearly observed clearly in the case of specimens

degraded by UV radiation and moisture condensation,

but are expected to be present in all specimens

fatigued at f Q 0.5. Although the direct effect of these

long inter-ply cracks is unclear, they appear to be

substantially deep and may promote interlaminate

decohesion.

Interlaminar decohesion

Specimens fatigued at f = 0.75 exhibited extensive

lengthy delamination between plies, as shown in

Fig. 3(d). Some of these were longer than several

multiples of laminate thickness. Mechanically, the pres-

ence of these delaminations will have very little in-

fluence on the tensile modulus. However, they can

significantly affect the flexural modulus significantly.

A finite element model was used to determine the

effective flexural stiffness of composite laminates

containing a center through-crack between the seventh

and eighth plies (interface of 90- and 0- plies) and the

results are plotted in Fig. 5(a). Other delamination

locations as well as multiple crack geometries were also

analyzed and resulted in qualitatively similar observa-

tions. The computations predict a sudden decrease in

the flexural modulus once the delamination becomes

more that 20% of the specimen length. The detri-

mental effect of delamination is not limited to the

flexural modulus. A detailed analysis of the finite

element results revealed large changes in the stress

state due to the delamination. These occur not near

the crack tips where usual stress concentrations exist,

but at the middle location of delamination crack,

which is significantly away from the tips. The normal

and axial stresses in the 90- and 0- plies were

computed at locations on either side of the delami-

nation crack under flexural loading. They were

averaged in each ply and normalized with respect to

the stress state of a no-crack model. As shown in

Fig. 5(b), the axial stress increases in seventh ply

(90-) and decreases in the eighth ply (0-) in the

presence of a delamination. These results have an

important implication in failure under flexural load-

ing. In such tests the failure always initiated in the

seventh (90-) ply regardless of any previous damage.

This suggests that if a crack exists between seventh

and eighth plies, it is likely to lower the failure load

with a larger stress in the seventh ply. This is further

discussed in Section 4. As described above, the differ-

ent modes of damage accumulation in the composite

can lead to changes in various physical states, as

summarized in Fig. 6.

Fig. 5. (a) Normalized change in elastic modulus due to
delamination is shown for bending and tensile load. (b) Stress
changes in 7th (90-) and 8th (0-) plies due to delamination are
shown for bending load
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Residual Strength Under Flexural Loading

Three-Point-Bend Tests

In order to better understand the synergistic effects of

fatigue loading and environmental exposure, the

residual strength was measured for each degradation/

loading condition under three-point bending. The

failure strength was determined in terms of the first-

ply failure load. It was observed that failure always

occurred in the seventh (90-) ply, which is the second

layer from the bottom. Table 3 lists results from the

flexure tests for different degradation conditions along

with results from previously conducted uniaxial tensile

tests. Due to limitations on fatigue loaded specimens

and greater difficulties in conducting uniaxial tests, the

tensile strength was determined only for specimens

subjected to environmental exposure and not fatigue

loading. Also, given the large test matrix only two tests

were conducted for each condition. While this limits

statistical relevance all data was found to be self-

consistent and provides a phenomenological basis for

our observations.

When composites are not subjected to mechanical

fatigue, the environmental conditions have limited

influence on the longitudinal tensile strengths of [0]8

and [0/90]2S laminates, as shown in the first part of

Table 3. This is expected, since the longitudinal

Table 3 Residual failure loads of composites with various degradations

Undegraded UV Moisture UV-moisture

Failure stress under uniaxial load for various ply-sequences without fatigue (MPa)

Ply sequence

[0]8 2388 T 59 2432 T 33 (2%) 2294 T 50 (j4%) 2320 T 73 (j3%)

[90]8 61 T 1 55 T 3 (j10%) 49 T 1 (j20%) 44 T 1 (j27%)

[0/90]2s 1270 T 31 1308 T 23 (3%) 1220 T 33 (j4%) 1215 T 70 (j4%)

Failure moment under three-point-bend of [0/90]2s laminates with fatigue (NIm /m)

Fatigue level

0 520 T 10 441 T 7 (j15%) 438 T 4 (j16%) 373 T 4 (j28%)

0.25 419 T 7 (j19%) 412 T 14 (j20%) 402 T 10 (j22%) 362 T 8 (j30%)

0.50 384 T 10 (j26%) 377 T 7 (j28%) 369 T 4 (j29%) 355 T 4 (j31%)

0.75 357 T 4 (j31%) 348 T 7 (j33%) 341 T 7 (j34%) 304 T 4 (j41%)

First, different ply sequences with various environmental degradations under tension. Second, different fatigue load amplitudes and
environmental degradations under flexural load. The values in parentheses are normalized differences with respect to respective
undamaged values

Fig. 6. Summary of possible
damage modes in compo-
sites subjected to environ-
mental degradations and
fatigue load. Possible
consequences are noted
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properties are governed by the carbon fibers, which

are not affected by either UV radiation or moisture

condensation. Some slight decrease in properties,

observed for the case of UV and combined UV-

moisture exposure, is possibly due to surface matrix

erosion that makes some fibers unconstrained as

described earlier. On the contrary, the degradation of

the epoxy matrix resulted in significant deterioration

of the tensile strength of [90]8. Specimens exposed to

the UV radiation exhibited a 10% decrease, which can

be attributed to the microcracks induced by the UV

radiation. A decrease of 20% in tensile strength was

observed for specimens that were exposed to moisture

condensation. The degradation was most severe for

specimens that were exposed to both UV radiation and

moisture condensation. With combined exposure, the

strength decreased by 27% as compared to unde-

graded specimens.

The second part of Table 3 presents the results from

flexural testing. The critical strengths, at the point of

first ply failure, are reported in terms of the critical

maximum moment per unit thickness occurring at the

center of the specimen. As described earlier, the

failure always initiated in the 90- ply that was the

second layer from the bottom. In the absence of

mechanical fatigue ( f = 0), specimens exposed to both

UV radiation and moisture condensation had at the

highest failure moment (i.e., greatest strength) fol-

lowed by the ones exposed to just moisture condensa-

tion and then those exposed to only UV radiation.

Although this order is consistent with the tensile

strength results, the magnitudes of the changes are

very different. For example, specimens exposed to

combined UV radiation and moisture condensation

exhibited a 28% decrease in the residual flexural

strength as compared to only 4% in the tensile

strength. In fact, this decrease was nearly double than

that observed for specimens subjected to either UV

radiation or moisture condensation along, and it

suggests environmental degradation plays a critical

role for flexural load conditions. Physically, this large

decrease can be only explained by the matrix erosion

that occurs on the surface layers, as described earlier.

Furthermore, the residual strengths continued to

decline with increasing fatigue load amplitude. For f =

0.25 specimens, the trend of changes in flexural failure

strength were similar to those observed for f = 0.

However, it should be noted that the actual magnitude

of the flexural strength, for a given environmental

exposure condition, was lower for the f = 0.25 fatigued

samples, as compared to the non-fatigued samples.

This was rather unexpected since no surface damage

was observed using scanning electron microscopy, and

the modulus had actually increased, as listed earlier in

Table 2. Since these specimens ( f = 0.25) are expected

to not have any fiber breakage or interlaminar

delamination, it is likely that repeated loading caused

some damage to matrix as well as matrix-fiber de-

bonding. The latter can disable the load transfer mech-

anism and lower the failure load without adversely

affecting the modulus.

With even larger amplitudes of fatigue load, the

failure moments continued to decrease further. For

conditions of f Q 0.5, fiber breakage is the additional

mode which promotes lowering of residual strength.

For f = 0.75, many specimens have internal delamina-

tions which can further decrease the strength as

described earlier. It is interesting to note the variations

were much less for specimens previously exposed to

environmental degradations. In fact, for the case of

combined UV radiation and moisture condensation, the

failure stress changed by only 13% from f = 0 to f = 0.75

while that for no degradation the decrease was 31%

These results suggest that further weakening of spec-

imen due to mechanical fatigue is less pronounced

when it has already been weakened by environmental

degradation. To better understand and quantify the

weakening effects of degradation and fatigue, an em-

pirical formula was constructed.

Empirical Quantification of Failure Stresses

The failure stresses obtained from three-point bend

tests were used to quantify residual strengths of com-

posites exposed to the various degradation conditions.

Different parameters were defined to account for the

individual and coupled effects of the environmental

exposure and cyclic loading. The failure stress under

flexural load is normalized as S = Sf / Sf* where Sf

is the failure stress of degraded and/or fatigued spec-

imen and Sf* is the failure stress without any degrada-

tion and/or fatigue. In order to establish a meaningful

empirical formula, we considered a simple form that

will account for both nonlinear as well as coupling

effects. Accordingly, the normalized failure stress was

assumed to be a quadratic function of amplitude of

cyclic load,

S ¼ s1 EU ;ECð Þ þ s2 EU ;ECð Þ f þ s3 EU ;ECð Þ f 2 ð1Þ

Here s1, s2, s3 are functions that depend on the effects

of UV radiation (EU) and moisture condensation (EC).

Also f is the amplitude of fatigue loading as previously

264 Exp Mech (2006) 46: 257–268
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defined. As a first order approximation, the following

functional forms are assumed for s1, s2 and s3,

s1 ¼ 1þ að Þc1; s2 ¼ 1þ bð Þc2 and s3 ¼ c3: ð2Þ

Here c1, c2 and c3 are the constants that essentially fit

the quadratic equation for specimens without prior

environmental degradation. Also, a represents the

effects of UV radiation and/or moisture condensation.

They are taken to be zero unless the specimen is

subjected to the corresponding degradation condition.

Note for specimens with combined environmental

degradation, all of the constants are non-zero. The

other term, b is defined similarly. Physically, the

parameter a represents the decrease of failure stress

due to environmental exposure without cyclic fatigue

loading as shown in Fig. 7. A large magnitude of a for

any given case suggests a greater role of the respective

environmental condition. The value of b influences

the slope of change in failure stress as a function of

cyclic loading. When it is positive, an environmentally

degraded specimen is more sensitive to the variation of

cyclic load amplitude, f, while a negative b denotes a

reduced effect of cyclic loading for environmentally

degraded specimens.

There are nine parameters to be defined in the

proposed empirical model as defined in Equation (1).

In order to determine the parameters, which fit

Equation (1) best, we utilized Fsingular value decom-

position_ (SVD). The SVD technique is a powerful

tool for diagnosis and solution of a problem involving

multiple equations or matrices that are either singular

or numerically very close to being singular. It is also

the method of choice for solving the linear least-

squares problem for parametric modeling of data [14].

It has been used for various other purposes like

measurement locations for dynamic testing [15], treat-

ment of ill-conditioning arising in spatial parameter

estimation from measured vibration data [16] and to

detect damage in structures under different operation-

al conditions. The proposed empirical model can be

represented as a linear system of equations. For ex-

ample, the failure stress of specimen without prior

exposure to environmental degradation can be ex-

pressed as,

S ¼ c1 þ c2 f þ c3 f 2: ð3Þ

When a specimen is exposed to both UV radiation and

condensation, its failure stress can be represented as,

S ¼ c1 1þ að Þ þ c2 1þ bð Þ f þ c3 f 2: ð4Þ

All 16 data can be expressed in a matrix form as, S = Fc.

Here the matrix F contains corresponding amplitudes

of cyclic load f, the vector c contains the unknown

parameters (i.e., c1, c2, aU, aC, etc.), and the failure

stresses are included in the vector S. The SVD method

computes F+, which is the generalized inverse of F

(i.e., FF+ = I, where F is not a square matrix). Once F+

is obtained, the unknown vector c can be solved as c =

F+S. The generalized inverse is computed using the

routine available in the IMSL software [17]. The

computed values of the parameters are listed in Table 4.

In order to further study the error sensitivity of the

procedure in estimating the unknown parameters,

Table 4 Parameters of the empirical model estimated using singular value decomposition

c1 = 0.963 T 0.0193 c2 = j0.367 T 0.0036 c3 = j0.059 T 0.0003

aU = j0.107 T 0.0013 aC = j0.156 T 0.0036 aUC = j0.191 T 0.004

bU = j0.316 T 0.0060 bC = j0.530 T 0.0037 bUC = j0.586 T 0.0018

Error ranges are obtained from sensitivity analysis based on the results in Table 3

Fig. 7. Roles of parameters in the empirical equation for
residual flexural strength are schematically illustrated. Here,
parameter a represents the decrease of failure load due to
environmental exposure without fatigue by cyclic load and the
parameter b influences the slope of failure load
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from the error bound of the failure moments shown in

Table 3, multiple test runs were analyzed for different

combinations of slightly altered failure moments. In

each case, the values were modified by randomly

selecting the error magnitudes. Based on 15 separate

cases, it was found that the maximum variation in

these parameters to be about 2% as noted in Table 4.

This sensitivity analysis confirms that the empirical

formula with the parameters determined by the

singular decomposition method is effective in esti-

mating the flexural failure characteristics of compo-

sites under of these particular conditions.

The subscripts for a and b indicate cases for UV

only, moisture only and combined UV and moisture.

From these values it is now possible to identify the

individual and synergistic effects of the various envi-

ronmental exposure conditions and cyclic loading. For

example, it can be observed that absolute magnitude

of aC is greater than that of aU. This means that the

degradation due to condensation is more severe than

that due to only UV radiation, especially when cyclic

loading is not present. When fatigue loading is also

present it can be seen that the magnitude of bC is

greater than bU. This implies that mechanical fatigue

has a more deleterious effect on specimens exposed to

UV radiation than those exposed to condensation.

Based on the computed values, the formula can

now be plotted along with the experimentally mea-

sured values. Figure 8 shows a comparison between

the experimental measurements and the empirical

model for the specimen exposed to combined UV

and condensation. It can be seen that a good fit is

obtained between the curve and the measured data.

The comparison among different degradation con-

ditions is shown in Fig. 9 where all the exposure

conditions are plotted. It is interesting to note that

although the curves have different initial values at

f = 0, they converge to a similar value at f = 0.75. At

this fatigue load level, the failure stress of composite

Fig. 8. (a) Comparison between experimental measurements
and empirical model is shown for residual flexural strengths
under various fatigue load amplitudes. (b) Decreasing residual
strengths are shown for various environmental exposures
according to empirical model

Fig. 9. Estimated failure
envelops of cross-ply under
combined tension and flex-
ure. The schematic is only
for illustrative purposes and
actual measurements
are only made under pure
tension or bending
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laminates is less than two-third of undegraded/non-

fatigued specimen. The figure also clearly reveals an

important aspect of environmental degradation. When

a specimen is exposed to both UV radiation and

condensation, its failure stress without any mechanical

fatigue (at f = 0) is only 76% of virgin specimen. For

an undegraded specimen, this value is only reached

after 50,000 cycles at f = 0.5, which is a very high load

level. Since, in general, composite structures are not

designed to operate at such high load levels it is

apparent that environmental effects can lead to severe

deterioration of mechanical properties, much more

than simply fatigue loading.

Conclusion

The mechanical response of carbon fiber reinforced

composites exposed to various conditions of environ-

mental degradation and fatigue loading were investi-

gated in detail in order to allow better predictions of

residual strength when these materials are subjected to

multiple conditions of UV radiation, moisture conden-

sation and cyclic loading. For the degraded specimens,

synergistic mechanisms lead to extensive matrix erosion

and microcracking, in addition to making the matrix

brittle, thereby rendering the matrix structurally weak.

Hence, degraded specimens showed an increased re-

duction in residual modulus than undegraded speci-

mens for a given fatigue loading level. Amongst the

various degradation conditions, a greater number of

transverse cracks was observed for the moisture de-

graded specimens as compared to the UV degraded

specimens. In case of specimens exposed to a combina-

tion of UV radiation and moisture condensation, the

transverse cracks could not be distinguished due to

matrix erosion. In order to quantify the synergistic

effects of fatigue loading and the various exposure

conditions residual strength tests were performed on

the specimens. These tests indicated that at higher

fatigue load levels, the effects of the various degrada-

tion conditions could be clearly distinguished. A

decreasing trend in the failure strength was observed

for all the different exposure conditions with an in-

crease in the fatigue load level. The failure strength was

the lowest for specimens exposed to combined UV

radiation and moisture condensation. Unfortunately,

the visual damage inspections of specimens by SEM

were limited to free surfaces. Specimens were not cross-

sectioned since that would introduce damages. Other

means to qualify internal damage modes are under

investigation.

Based on the residual strength measurements, an

empirical relationship was formulated to develop a

correlation between the synergism of fatigue and the

degradation conditions. Singular value decomposition

was used to extract the unknown parameters and a

good correlation was obtained. This empirical formu-

lation allowed for quantification of degradation

effects in the current study. Most importantly it clar-

ified that environmental effects could lead to severe

deterioration of mechanical properties. For example,

the failure stress of a composite degraded by expo-

sure to both combined UV radiation and conden-

sation without any cyclic loading is equivalent to

subjecting an undegraded composite for 50,000 cycles

of mechanical fatigue at 50% of its UTS. It is ex-

pected that the deleterious effect under flexure can

occur even with a small bending in primary tensile

condition. In order to illustrate the failure stresses

under combined loading conditions, a failure envel-

oped is constructed as shown in Fig. 9. It is empha-

sized that this is an estimated illustration as only

pure bending and tensile failure load results are avail-

able. Here measured failure loads are converted into

corresponding stresses under tension and bending.

The purpose of this illustration is to show that the

failure envelop clearly shrinks as the environmental

degradation and mechanical fatigue are imposed.

Alternatively, the residual strength can be reduced

significantly. An appropriate testing is being set up to

actually quantify the remaining strength under com-

bined loading.

Due to experimental difficulty and limitations, only

two specimens were tested for each type of degrada-

tion and cyclic load condition. This was because the

degrading of specimens by UV radiation and mois-

ture condensation takes up to 45 days, and further-

more, the cyclic loading can be applied to only one

specimen per day in the tensile machine. Here, com-

binations of various conditions totaled fifteen, exclud-

ing the undegraded and non-fatigued condition. The

small number of specimens in each condition may

pose some statistical unreliability; especially in the

case of failure test data where variations are can be

large in general. However, we note that the spreads

in two results were generally low as shown in Table 3,

and more significantly, the collections of data varia-

tions among all conditions were consistent (e.g., de-

creasing values as f = 0 Y 0.75). Thus, although two

data points for each condition might not be sufficient,

based on the data from all 32 specimens, the present

results showed sufficient accuracy. Currently more

specimens are being prepared and tested to confirm

our results.
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