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(ABSTRACT) 
 

In the effort to improve oil production riser performance, new materials are being studied.  In 
the present case, a Polymer Matrix Composite (PMC) is being considered as a replacement 
for carbon steel in flexible risers manufactured by Wellstream Inc., Panama City, Florida.  
The Materials Response Group (MRG) at Virginia Tech had the primary responsibility to 
develop the models for long-term behavior, especially remaining strength and life.  The MRG 
is also responsible for the characterization of the material system with a focus on the effects 
of time, temperature, and environmental exposure.  The present work is part of this effort.  
The motivation to use a composite material in a non-bonded flexible riser for use in the 
offshore oil industry is put forth.  The requirements for such a material are detailed.  Strength 
analysis and modeling methods are presented with experimental data.  The effect of matrix 
crystallinity on composite mechanical properties is shown.  A new method for investigating 
matrix behavior at elevated temperatures developed.  A remaining strength life prediction 
methodology is recalled and applied to the case of combined fatigue and rupture loading. 
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Chapter 1 
1 INTRODUCTION AND LITERATURE REVIEW 

1.1 Introduction  

In the effort to improve oil production riser performance, new materials are being studied.  In 

the present case, a polymer matrix composite (PMC) is being considered as a replacement 

for carbon steel in flexible risers manufactured by Wellstream Inc., Panama City, Florida [1, 

2].  The Materials Response Group (MRG) at Virginia Tech has the primary responsibility to 

develop the models for long-term behavior, especially remaining strength and life.  The MRG 

is also responsible for the characterization of the material system with a focus on the effects 

of time, temperature, and environmental exposure.  The present work is part of this effort. 

1.2 Objective 

The objective of this thesis is to present several key findings produced during the research 

and development of a carbon fiber/thermoplastic matrix composite intended to replace a 

steel component in a non-bonded flexible riser.  These findings include the introduction of a 

test method that proves to be simple to implement and sensitive to subtle differences in the 

matrix material of composites.  In addition, the importance of manufacturing processing 

parameters on the long-term behavior of a semicrystalline thermoplastic matrix composite 

will be illuminated.  Experimentally determined static strength, fatigue behavior at room and 

elevated temperatures, and tensile rupture data are presented as a basis for future life 



 

 2

prediction modeling.  A remaining strength approach for life prediction will be developed and 

presented for the case of combined fatigue and rupture loading. 

1.3 Non-bonded Flexible Pipes 

Non-Bonded Flexible Pipes (NFP) have been used in the offshore oil industry for over 30 

years.  These pipes, when used in deepwater, function as risers that bring high pressure and 

temperature production fluid (raw oil and gas) from the seabed to floating production vessels 

on the ocean surface.  Figure 1-1 shows a simplified riser installation. 

These pipes are constructed of many layers made up of several material types.  Each of 

these layers is intended to perform a specific function.  The structure of a non-bonded 

flexible pipe is illustrated in Figure 1-2.  These layers are allowed to slide with respect to one 

another, which allows the structure to be flexible.  The flexibility of the structure allows long 

 

Figure 1-1  Typical flexible riser installation (detail shows pipe structure) 
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continuous lengths of pipe to be manufactured, stored, transported, deployed and recovered 

from reels.  Depending on the diameter of the pipe, continuous lengths of up to 2 miles can 

be placed on a single reel.  In many service applications, this represents a considerable 

advantage over competing technologies that require many short segments to be connected to 

obtain long pipelines.  Materials in a conventional NFP consist of steel and thermoplastic 

polymers.  Steel is used primarily for load-bearing elements in the tensile strength, hoop 

strength, and collapse resistant layers.  Thermoplastic polymers are used mainly as fluid 

barriers and to prevent wear. 

The present work concentrates on the tensile armor layers.  Within the non-bonded flexible 

pipe industry (in this work as well), these layers are referred to as the tensile armor, which is 

somewhat misleading as its main function is to support the axial tensile loads on the structure.  

The tensile armor in a conventional NFP consists of two helically wound layers that are 

wound in opposing directions.  Each of these layers is comprised of 50-70 rectangular steel 

wires.  The tensile armor wires are laid at angles from ±25 to ±40 degrees to the axis of the 

External Fluid Barrier

Tensile Strength Layer

Anti Wear Layer

Tensile Strength Layer

Anti Wear Layer

Hoop Strength Layer

Fluid Barrier

Collapse Resistant  Layer 

 

Figure 1-2  Typical flexible riser structure 
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pipe.  The counter wound layers, when designed properly, prevent torsion of the pipe 

caused by axial loads. 

As the demands for oil continue to increase and oil reserves in shallow water are being 

exhausted, oil producers are forced into deeper water in order to access new reserves.  

Currently, the longest risers are about 6000 feet in length.  The use of risers in deeper water 

requires the structure to support increasing axial tensile loads due to the hanging weight of the 

riser itself.  For a given pipe design, the weight per unit length of a steel armored riser limits 

the depth of water in which it can operate.  As the hanging length of the riser is increased it 

will eventually fail under its own weight.  This poses an engineering challenge in the effort to 

reach oil reserves in ultra deep water and motivates the development of risers with increased 

axial strength and decreased weight.  A logical solution is to replace the tensile armor with a 

material with greater specific strength (i.e. strength per unit mass). 

1.3.1 Requirements for Tensile Armor Materials 

Because the riser is hanging vertically the tensile armor wires are subjected to static tensile 

loads due to its own weight, dynamic bending loads due to the surface vessel motion in 

waves, axial loads due to internal pressure, vibratory loads due to vortex shedding in 

currents, as well as exposure to elevated temperatures and aggressive chemicals.  Loads on 

a single tensile armor wires can be simplified to static tensile loads, cyclic tensile loads, and 

exposure elevated temperatures and chemicals.  Table 1-1 lists the requirements set by 

Wellstream [1] for tensile armor material properties. 
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Table 1-1  Requirements for tensile armor material properties 

Property Requirement 
  
Initial Strength 180 ksi (minimum) 
Flexibility 6.0 in (minimum) bend radius at 0.04 in (minimum) thickness 
Allowable Utilization-Static 50% of initial strength 
Allowable Utilization-Dynamic 40% of initial strength 
Density (max) 1.6 S.G. 
Temperature Range (pipe annulus) -40 to 93°C 
Environmental Seawater, 5000 ppm H2S and 5% CO2 in pipe bore 
Cost Finished pipe cost no more than 25% greater than conventional of 

same performance 
 

Numerous fiber/polymer composites were considered in the early stages of the material 

selection effort.  Because of the aggressive service environment and the stiffness 

requirements many materials were eliminated.  A unidirectional carbon fiber/ polyphenylene 

sulfide (PPS) matrix composite was chosen as the best candidate to replace the steel tensile 

armor. 

1.4 Composite Properties 

It is well understood that composites behave differently than most metals.  This is certainly 

case with the chosen material.  A ductile steel is being replaced with a brittle composite.  

This difference presents several design challenges and the characteristics of composite 

behavior need to be reviewed.  As a point of reference, Table 1-2 presents a comparison of 

properties between the composite and the steel it replaces. 
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Table 1-2  Comparison between typical steel and Carbon/PPS Composite properties 
[1] 

 Steel Carbon/PPS  
Strength 110 ksi  180 ksi  
Modulus 30 Msi  11.7 Msi  
Elongation <11% 1.40% 
Relative Density 1 0.19 
Relative Cost  1 2.5 

 

1.4.1 Weibull Strength 

Of key importance to the present work is the nature of composite strength.  It was found that 

the strength distribution of unidirectional composites is often well represented by a Weibull 

statistical distribution [3].  The two parameter Weibull distribution differs from other 

statistical schemes in that the values described range from zero to positive infinity, which 

makes more physical sense for strength than a distribution that ranges for negative infinity to 

positive infinity.  Weibull statistics are based on the probability of encountering a flaw that 

will cause failure at a given stress over a given length of a load-bearing member.  The 

following is a brief description of Weibull statistics adapted from the work of Case [3]. 

If we apply Weibull statistics to a member of length L, the cumulative number of defects 

which can fail at stress σ  is given by 

 

( )
m

L
L

L 







=Φ

00

,
σ
σ

σ     (1) 

 

We may interpret the parameters L0  and 0σ  by recognizing that 0σ  is the stress required to 

cause one failure, on average, in a member of length L0 .  The parameter m, the Weibull 

modulus, describes the amount of variability (the scatter) in the strength values about the 
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average (large values of m correspond to small amounts of scatter in the data).  We may 

relate Φ  to the measured (experimental) probability of failure by 

 

( ) ( )[ ]




















−−=

Φ−=
m

f

L
L

LLP

00

exp1

,exp1,

σ
σ

σσ

   (2) 

 

The corresponding reliability, ( )σ,LR  is given by 
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Note:  Because Equations (1) and (2) depend upon the length L, values for 0σ  and m must 
always be quoted (or determined) at a reference value of L0  
 

Two different means are available for us to determine m and 0σ .  Unfortunately each of 

these methods involves testing large numbers of specimens.  In the first method, many 

specimens are tested at a fixed gage length.  The resulting strength values are fit to a Weibull 

distribution.  This process is repeated at other gage lengths, so that new values for m and 0σ  

are obtained.  The values for 0σ  are converted to one reference length by using the relation 

m

L
L

1

0

02
020 








= σσ     (4) 

Ideally these values for m and σo would be identical.  In practice, however, the values are 

different.  The common procedure is then to average the resulting values for m and 0σ .  
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However, numerical simulations suggest that a better method is available.  In this method, 

one proceeds, as before, determining 0σ  at different gage lengths, only in this case the 

values are not converted to a common reference length.  Rather, a linear regression is 

performed on the ( )0log σ  versus L0 .  From the form of Equation (4), we can see that such 

a plot should have slope of 
m
1

− .  The resulting line may also be used to determine 0σ . 

While Weibull distributions fit unidirectional composite strength data well, more 

fundamentally, they are a powerful tool in describing the strength of single fibers.  Weibull 

statistics form the basis for the estimation of unidirectional composite tensile strength. 

1.4.2 Bundle Strength 

Using a Weibull distribution to describe the strength of single fibers, the interaction between 

many fibers under load can modeled and the estimation of the strength of a unidirectional 

composite can be made.  As a first attempt, the composite can be thought of as bundle of 

fibers with no contribution to the strength from the matrix.  Again adapted from Case [3] a 

bundle strength model is presented. 

We begin with a bundle of fibers of length L whose strain-to-failures may be represented in 

terms of the Weibull parameters 0ε  and m at a reference length Lo (the reason for choosing 

the strain-to-failure rather than the strength will become obvious shortly).  The resulting 

reliability may be written as 

 

( )



















−=

m

L
L

R
00

exp
ε
ε

ε    (5) 

 

The stress carried by the fibers at a given strain ε is given by 
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( )εεσ RE f=      (6) 

 

In order to estimate the strength of the bundle, we find the maximum of Equation (6) by 

setting 0=
ε
σ

d
d

 and solving for ε .  This critical value of ε , cε  is given by 

m

c mL
L

1

0
0 






= εε     (7) 

 

Substituting this value into Equation (6), we obtain the maximum fiber stress,  

 

m

ffc mLe
L

E

1

0
0 






= εσ     (8) 

 

The corresponding composite stress is then given by 

 

m

fft mLe
L

EVX

1

0
0 






= ε    (9) 

where fV  is the fiber volume fraction of the composite. 

1.4.3 Tensile Strength of Unidirectional Composites (Batdorf) 

In a logical progression, the influence of having a matrix present was considered by Batdorf 

[4,5]. In his model, he considers the only damage in the composite to be fiber failure.  The 

matrix only contributes as a means to introduce a stress concentration on adjacent fibers 

over an ineffective length.  As load increases on the composite, the weakest fiber fails and 

sheds its stress to its neighbors increasing the probability that a neighboring fiber, in the plane 

of the initial break, will fail.  The single fiber break (singlet) becomes a double fiber break 



 

 10

(doublet) and so on. As the load is increased this process continues to the point of instability 

and ultimate failure of the composite.  The lowest stress at which an arbitrary number of 

broken fibers becomes unstable defines the strength of the composite. 

1.4.4 Other Models 

More complex models have been developed in an effort to better represent experimental 

results and the underlying physics.  These models make more specific assumptions as to 

interactions between broken fibers and the surrounding fibers. 

Monte Carlo simulations for the strength of unidirectional polymer matrix composites [6] 

have been gaining acceptance.  Like the bundle strength and Batdorf models, Monte Carlo 

simulations require the Weibull statistics for the strength of the fibers, in addition these 

simulations require the modulus of the fiber and matrix, the fiber volume fraction, fiber 

diameter, and packing arrangement as inputs.  The Batdorf technique and the Monte Carlo 

simulations often produce over-estimates of composite strength when compared to 

experimental data.  Although the Batdorf results are closer to the experimental strength, the 

Monte Carlo strength simulations more accurately mimic the progression of fiber breaks 

leading up to composite failure.  In the Batdorf analysis, the breaks are assumed to be co-

planar.  This limitation is not imposed in the Monte Carlo simulations.  An additional feature 

of the Monte Carlo simulations is that it yields Weibull statistics for failure of the composite 

from the fiber Weibull strength distribution. 

1.5 Matrix Properties 

In general, the matrix plays two roles in the behavior of the composite.  The matrix protects 

the fibers from the environment, and provides the path for load sharing between fibers.  This 

second role is governed by parameters such as matrix stiffness, fracture toughness and the 
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interfacial bond characteristics between the matrix and fiber.  A maximum in strength, for 

example, has been postulated by Gao [7] as a function of interfacial shear strength.  Further, 

if matrix properties are variable or are dependent on environmental factors to which the 

composite is exposed, it would be expected that this change in matrix properties would be 

reflected in the composite behavior. 

Of particular importance to the present study is the stiffness change in semicrystalline 

polymers due to temperature.  An extensive review of the relaxation processes in 

semicrystalline polymers is given by Boyd [8,9].  He describes the relaxations α, β , γ  

(labeled in order of decreasing temperature) that can occur in semicrystalline polymers.  In 

polymers that possess all three relaxations, the α relaxation is commonly considered to be 

connected with the crystalline phase of the polymer, in this case the β  relaxation is associated 

with the amorphous phase and the temperature at which this relaxation occurs is referred to 

as the glass transition temperature, Tg, of the polymer. 

Mahieux et al [10] noted that in the axial direction, the stiffness change of a carbon fiber 

polymer matrix composite was found to be more than 5%. The strength of the material 

dropped by 20% when the matrix underwent its glass transition. 

While little literature exists that address the relationship between PPS properties and the 

behavior of PPS based composites, some literature exists that reports this relationship for 

PEEK and its composite.  Both PPS and PEEK are semicrystalline thermoplastic polymers 

and exhibit similar behavior. Talbott et al [11] presents mechanical properties as a function of 

crystallinity and crystallinity is shown to depend on the cooling rate during manufacture. For 

the case of neat PEEK 150P, crystallinity varies from about 40% for cooling rates near 0.0° 

F/min to about 3% for cooling rates near 10,000 F/min.  Further, tensile strength and 

modulus, shear strength and modulus, compressive strength, and mode I fracture toughness 

are reported as functions of crystallinity.  Table 1-3 summarizes Talbott’s findings. 
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Table 1-3  Neat PEEK 150P properties as a function of crystallinity [11] 

Property @ 15% 
Crystallinity 

@ 40% 
Crystallinity 

Change (%) 

    
Tensile modulus (ksi) 500 650 23 
Tensile strength (ksi) 10 14 29 
Shear modulus (ksi) 175 200 13 
Shear strength (ksi) 6 9 33 
Compression strength (ksi) 22 25 12 
Fracture toughness, mode I (ksi in0.5) 10 3 -70 

 

The data in Table 1-3 indicate that, in general, neat PEEK properties increase with degree of 

crystallinity.  The exception to this trend is the mode I fracture toughness.  This property 

decreases 70% from its value at 15% crystallinity. 

The fracture toughness and fracture energy of an APC-2 (carbon fiber/PEEK matrix) 

composite was also investigated by Talbott.  The mode one fracture toughness and fracture 

energy decreased over a range of matrix crystallinity from 0 to 35%.  These decreases were 

32% and 15% respectively.  Other properties were not studied. 

The literature generally does not address the effect of semicrystalline thermoplastic matrix 

properties on fiber direction composite properties.  It is assumed that the fibers dominate the 

behavior of the material so little attention need be paid to the matrix properties.  The present 

work seeks to challenge this thinking. 

1.5.1 Matrix Characterization 

It has been shown that matrix behavior contributes to the behavior of the composite.  In 

order to relate matrix properties to composite properties, the matrix must be characterized.  

Two methods will now be reviewed that assess the effects of time and temperature on matrix 

behavior.  The first is a standard and excepted method, the Dynamic Mechanical Analysis 
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(DMA), the second is a method developed by the author and colleagues.  Although the 

bend-rupture method development is original work it is presented here as support of 

Chapter 3. 

1.5.1.1 Dynamical Mechanical Analysis (DMA) 

To characterize the viscoelastic behavior of the composite in this work, DMA’s are 

performed.  Descriptions of this standard test method can be found in many texts [12], the 

following discussion is a review of the method.  A DMA consists of forcing an alternating 

displacement on a specimen and measuring the corresponding stress.  For linear viscoelastic 

materials in equilibrium, the stress and strain vary sinusoidally, but the strain lags the stress, 

i.e., when trying to displace the specimen the stress increases before the strain.  The strain ε 

and stress, σ, can be written as  

to ωεε sin=      (10) 
)sin( δωσσ += to     (11) 

respectively, where ω is the angular frequency, δ is the phase lag.  The stress can be further 

expanded. 

δωσδωσσ sincoscossin tt oo +=  (12) 

The stress is now written in two parts.  The magnitude of stress in phase with the strain is 

given by δσ coso and the magnitude of stress that is 90 degrees out of phase with the strain 

is given by δσ sino .  We can now define two quantities G1 and G2 to represent the stress-

strain relationship in phase and out of phase respectively. This relationship is written as 

follows: 

tGtG oo ωεωεσ cossin 11 +=    (13) 

Where 
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δ
ε
σ

cos1
o

oG =      (14) 

δ
ε
σ

sin2
o

oG =      (15) 

A complex modulus is defined as 21
* GGG += , and we will now call G1 the storage 

modulus and G2 the loss modulus.  The storage modulus describes the energy stored as 

strain in the specimen.  The loss modulus defines the energy lost during a cycle.  This loss is 

given by  

∫=∆
ωπ

σ
/2

0

dt
dt
de

E     (16) 

If substitutions are made for σ and ε, the energy loss can be written 

∫ +=∆
ωπ

ωωωωε
/2

0

2
21

2 )coscossin( dttGttGE o  

 (17) 

through the application of trigonometric identities the integral 17 once evaluated gives 

2
2 oGE επ=∆      (18) 

if the integral 17 is evaluated for only one quarter cycle the first term yields 

∫=∆
ωπ

ωωωε
2/

0

2
1 cossin tdttGE o   

 (19) 

the maximum stored elastic energy, E, where 

2
12

1
oGE ε=      (20) 

is independent of frequency.  Equations 18 and 20 can be rearranged as follows: 

EG
o
21

2
ε

=      (21) 
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22
o

E
G

πε
∆

=      (22) 

We can now write  

δ
π

tan
21

2 =
∆

=
E
E

G
G

    (23) 

The loss factor, tan δ, has a peak between the glassy and rubbery states of the amorphous 

phase of the polymer as temperature is increased through the viscoelastic range of the 

polymer.  The temperature at which the peak occurs is commonly cited as the Glass 

Transition temperature, Tg , of the material.  However, in the case of semicrystalline polymers 

the crystalline phase of the polymer will affect the relaxation profile of the polymer and can in 

turn make the Tg more difficult to identify. 

1.6 Bend-rupture 

The end-loaded bend-rupture (bend-rupture) method [13] was developed to study the time 

dependent behavior of polymer matrix composites.  The method and fixture were developed 

to emphasize the contribution of changes in matrix properties to the behavior of unidirectional 

composites loaded in the fiber direction.  This method has distinct advantages over other 

methods such as tensile stress rupture and three and four point bending rupture methods.  

The following section discusses the design and fabrication of an end-loaded bending fixture. 

A short analysis is presented which relates strain level to end-to-end distance eliminating the 

need for strain gauges. 

Intuitively, even though the mechanical behavior of the composite material in the fiber 

direction is “fiber-controlled”, the presence of a viscoelastic matrix should contribute to the 

global behavior of the composite.  This contribution is magnified in the case of long term 

exposure to elevated temperatures and environment.  Exposure can degrade the 

performance of the matrix as a load carrying and constraining constituent because in carbon 
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fiber composites time and environment, for the most part, affect the matrix.  Such effects are 

difficult to quantify from tensile rupture tests of unidirectional specimens.  Traditionally, off-

axis laminates are tested in tension to obtain the time dependent contribution of the matrix.  

This is not always possible, as in the case of the current study where the material of interest is 

a unidirectional pultruded composite tape.  Another drawback to tensile rupture tests is that 

they require a load frame and only one specimen at a time can be tested per load frame.  

Consequently, many load frames must be occupied for long periods of time in order to 

obtain a statistically valid data set. 

A bend loading condition provides a situation where the matrix behavior contributes to the 

behavior of the composite system as a whole.  Therefore, the time dependent changes of 

mechanical properties of the matrix should relate to a time dependent behavior of the system.  

The ASTM Standards provide bending test methods for many materials, but generally not 

for unidirectional PMC’s in the geometry of interest.  There exists considerable literature on 

bending as the loading condition for metals.  A large variety of specimen geometry and 

loading configurations have been described for these materials [14].  These include three-

point, four-point, cantilevered and two-point end-loaded bending conditions.  Particular to 

the present paper, Fukuda et al [15, 16] have used end-loaded bending with increasing end 

displacement to determine the strength and stiffness of thin composite laminates. 

Initially, three-point and four-point bending were studied as possible bending conditions.  

There are several drawbacks to these methods. Three-point and four-point bending 

conditions are difficult to obtain for a large number of specimens in a confined space.  

Moreover, the need for a fixture enabling the bending of the specimens within a wide range 

of strain levels requires the apparatus be quite complicated.  These methods also introduce 

stress concentrations at the loading noses, and can induce matrix cracking and premature 

failure of the specimen while masking the bulk behavior to be studied.  
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An end-loaded bending condition was chosen because of the simplicity of the required 

fixture.  The end-loaded bending condition requires only the application of a single axial 

force, with the test specimen making contact with the fixture at only two points.  This avoids 

the fixture causing the failure, as is often the case for three and four point bending.  End-

loaded bending also constrains the specimen very little, allowing the specimen to redistribute 

stress and strain freely.  A large range of strains is obtainable by simply adjusting the length 

between the loaded ends of the specimen. The end-loaded bending condition is shown in 

Figure 1-3.  

1.6.1 Bend-Rupture Fixture 

A fixture was developed to employ this bending condition.  Preliminary bending experiments, 

on the material of interest, showed that a relatively small load, on the order of 10 pounds, 

was required to constrain each specimen.  As a consequence, the fixture did not need to be 

overly robust to support these loads.  A simple tension support member with a means to 

constrain the loaded ends was all that was needed.  Intuitively, the experiments conducted at 

low strain levels were expected to be long-term experiments.   Also, the tests were to take 

place at elevated temperatures.  Consequently the fixture had to be compact and able to 

withstand hostile environments.  

Such a fixture was fabricated of 0.04-inch 304 18-8 cold rolled and annealed stainless steel 

because of its availability, dimensional stability at temperature, and resistance to corrosion.  

P
 

Figure 1-3  End-loaded bending condition 
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An adjustable fixture able to load only one specimen, Figure 1-4 a, was fabricated by hand 

using a bench vice and hole punch.  This fixture, with a loaded specimen, is shown in Figure 

1-1 b.  A one piece fixed-length fixture able to load as many as 15 specimens at the same 

strain level, shown in Figure 1-4 c, was built for long term rupture tests.  This fixture has a 

longer upright at one end so that specimens can be loaded by initiating a small bend in the 

specimen and then sliding one end down the longer upright.  In this way, intended strain 

levels are not exceeded when loading specimens and a load frame is not needed.  

Fixture Length

Fixture Length

b

a

c

Fixture Length

Fixture Length

b

a

c
 

 Figure 1-4  End-loaded bend rupture fixture 
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1.6.2  Specimen Geometry 

This method is most effective for specimens that are thin and require large mid-span 

deflections to obtain the desired strain levels.  For materials with similar mechanical 

properties, thicker specimens are required to be longer and longer fixtures are required to 

accurately obtain desired strain levels.  In all cases, care should be taken to align the 

specimen so that both loaded ends of the specimen are parallel to the loading surface of the 

fixture.  This will avoid shear loading that can cause longitudinal splitting of the specimen.   

1.6.3  Analysis  

The end-loaded bending condition is identical to the pinned-pinned post-buckling condition 

of a beam addressed by the elastica analysis.  This condition is shown in Figure 1-5. 

P
λ

L

ρ
Α

Lf /2α

 

 Figure 1-5  Pinned-pinned post-buckling loading condition 
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Through this analysis the maximum strain can be related to the end-to-end length.  From 

work done by Timoshenko [17] and Fukuda  [15, 16], applying the elastica solution and 

classical strength of materials, we can relate fixture length, Lf, to maximum surface strain, εm.  

The relationship may be obtained as follows. 

Assuming that the material stiffness is the same in both tension and compression, Et = Ec, the 

maximum strain is given by  

ε
ρm
t

=
2

     (24) 

where t is the thickness of the specimen, ρ is the radius of curvature of the loaded specimen 

at the point of maximum curvature, A.  The radius of curvature is given by 

ρ =
1

2pK p
L

( )
    (25) 

 where  

p = sin
α
2

     (26) 

 α is the end rotation and 

K p
p

d( )
sin

=
−∫ 1

1 2 20

2

φ
φ

π

   (27) 

is the first perfect elliptic integral.  L is the half-length of the specimen. End displacement can 

be determined by   

L
pK
pE









−=

)(
)(

22λ      (28) 

where 
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E p p d( ) ( sin )= −∫ 1 2 2
0

2 φ φ

π

  (29) 

is the second perfect elliptic integral.  From the previous relationships, a parametric 

relationship between the end displacement, and the radius of curvature can be determined as 

a function of end rotation α.  The end-to-end distance is given by Lf = 2(L-λ).  Now strain 

and end-to-end distance can be related.  This analysis includes a correction of an error found 

in Fukuda [15]. 

Initial experiments were conducted to validate this analysis.  Specimens were strain gauged 

at the mid-span and loaded into the single specimen adjustable fixture. The end-to-end 

distance was measured and the strain level was obtained from the strain gauge.  Figure 1-6 

represents fixture length, in this case, as a function of normalized maximum strain.  The 

normalized maximum strain is the mid-span surface strain normalized by the room 

temperature tensile strain at failure.  Included in Figure 1-6 are the experimental data 

obtained with the adjustable fixture.  
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There is a good correlation between experimental and theoretical values; the average error is 

about 6%.  The calculated strains seem to provide an upper bound to the measured values.  

The error can largely be explained by the fact that the 0.25 inch strain gages used averaged 

the strain around the point of maximum strain and do not report the actual maximum strain.  

Also contributing to the error is the fact that the previous equations assume a constant and 

uniform bending modulus.  It is possible that the compressive and tensile stress-strain 

response differ slightly so that the ε=0 at geometric centerline assumption is no longer exact.  

From the behavior of the data and the small error compared to theoretical expectations, it is 

concluded that these fixtures ensure the correct loading condition and provide reproducible 
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 Figure 1-6  Normalized strain vs. fixture length 
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data.  With such good correlation, strain gauges need not be applied to specimens with 

constant and known thickness to ensure that specific strain levels are accurately reached. 

This method is simple to implement and sensitive to subtle differences in matrix material.  

Furthermore this method does not require the use of strain gauges to obtain a desired strain 

level.  These data form a basis, along with determination of the failure mode, for 

development of analytical models for bending behavior of unidirectional PMC’s, enabling 

service life predictions for systems undergoing out-of-plane deformations at elevated 

temperature.  The bend-rupture method has been used by several researchers [18, 19], to 

study the long-term response in bending to elevated temperatures both under static and 

fatigue loading.  Also a methodology [20] has been developed to predict tensile rupture lives 

from bend-rupture data through use of micro-mechanics. 

1.7 Composite Life Prediction 

Life prediction of composite materials subjected to combined loading is often a key aspect of 

design.  Combined loads may be comprised of quasi-static mechanical loads (tension, 

compression, shear, etc.), mechanical fatigue, elevated temperatures, thermal cycling and 

chemical degradation.  It is usually not possible to include all of these factors and their 

variations in a single test.  Therefore it is necessary to have an analytical method for 

combining the applicable conditions to predict the life of composites. 

In order to use this material for this application, the service life prediction must include the 

effects of fatigue and elevated temperatures up to 90°C.  The service life model for the 

material under consideration was constructed using the methodology proposed by Reifsnider 

et al [21].  This methodology has been used for a variety of material systems in many service 

environments and has been integrated into a performance simulation code, MRLife, 

developed by the Materials Response Group at Virginia Tech [22, 23, 24].  This 



 

 24

methodology uses experimental data and analytical tools to predict the long-term behavior of 

a composite.  The methodology’s adaptation to the present work [25] is detailed in Chapter 

5. 

1.8 Summary: Chapter 1 

Chapter 1 introduced the context in which the present work was undertaken along with 

foundation that this work extends.  The object of this work is presented and the motivation 

to use a composite material in a non-bonded flexible riser for use in the offshore oil industry 

is put forth.  The requirements for such a material is detailed.  Strength analysis and modeling 

methods are presented.  The effect of matrix crystallinity on composite mechanical properties 

is briefly discussed.  A standard method for investigating matrix behavior at elevated 

temperatures is review and a new method is developed.  A remaining strength life prediction 

methodology is recalled as support for later work.  With these topics in mind, the following 

chapters are outlined. 

Chapter 2 discusses the experimental methods employed to gather the experimental data in 

the present work 

Chapter 3 introduces the specific composite in detail, presents preliminary data, and 

illuminates differences in mechanical properties due to processing parameters and describes 

their cause. 

Chapter 4 presents experimentally determined static strength, fatigue behavior at room and 

elevated temperatures, and tensile rupture data. 

Chapter 5 develops and validates a remaining strength approach for life prediction for the 

case of combined fatigue and rupture loading. 



 

 25

Chapter 6 summarizes the key findings presented in the present work and draws conclusions 

form these findings.  Future areas of work are also listed. 
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Chapter 2 
2 EXPERIMENTAL METHODS 

The initial interest in the present material was it’s response to the loading and environmental 

conditions associated with use as a helically wound tension member in a flexible riser.  These 

conditions consist of static loads, cyclic loads, and exposure to elevated temperatures due to 

service conditions, as well as confinement to a bent geometry during storage as the 

composite awaits the riser manufacturing process and as the completed riser awaits 

deployment.  The following experimental methods and procedures were employed in the 

investigation the material’s response to the flexible riser environment. 

• Quasi-static tensile tests 
• Tensile rupture tests 
• Tension-tension fatigue tests 
• End-loaded bend rupture tests 
• Dynamical Mechanical Analysis (DMA) 
• Environmental aging 

The following section describes these test methods and procedures. 

2.1 Quasi-Static Tensile Test 

Quasi-static tensile tests were conducted within the ASTM D 3039 standard [26].  All 

Quasi-static test results reported in the present work were conducted in Material Testing 

Systems (MTS) servo-hydraulic load frames.  A typical quasi-static tensile test specimen, 

tabbing materials and tabbed specimen are shown in Figure 2-1.  Specimens used for all 

testing (except where stated otherwise) were 6 inches in total length with a 3-inch test 

section.  The cross section of the composite, 0.5 inches by 0.04 inches, was fixed by the 
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pulltrusion manufacturing process.  The length, however, was not constrained as the 

composite tape was delivered in continuous lengths of  up to 1500 feet.  The specimens 

were cut using a water-cooled tile-cutting saw with a diamond-impregnated blade.  Quasi-

static specimens were tabbed to improve gripping in the load frame and reduce damage 

caused by the grip wedges. 

The tabbing materials used consisted of 100-count (100 wires per linear inch) stainless steel 

screen and 1000 series aluminum sheet that was 0.02 inches thick.  The screen was cut into 

0.75 by 3.0 inch rectangles using a utility knife.  The aluminum sheet was delivered as a 1.5 

inch wide tape and was cut to a 3.25 inch length with a paper cutter.  The screen was then 

folded in half around the end of the specimen and the aluminum also folded in half was 

placed around the end to the specimen as shown in Figure 2-1. 

 

Aluminum

Screen

Specimen

Front (pre-assembly) Side (assembled)

Aluminum

Screen

Specimen

Front (pre-assembly) Side (assembled)
 

 Figure 2-1  Typical tensile specimen and tabbing 
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Quasi-static tests were preformed in load control at a specified constant load rate.  The 

load-time trace for a quasi-static tensile test is show in Figure 2-2.  A typical stress-strain 

plot, Figure 2-3, for the quasi-static test produces a slightly concave-up trace as the material 

stiffens slightly with increased load. 
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 Figure 2-2  Typical quasi-static tensile test load-time trace 
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This trace is very close to linear and therefore was considered so in determining tensile 

modulus.  The secant modulus, measured as the slope of the line between the origin and 

point of failure of the stress-strain plot, was reported as the tensile modulus. This is a 

deviation from the ASTM standard, which specifies that a cord modulus between 0.10 % 

and 0.30 % strain should be reported as the stiffness of the composite.  The standard was 

deviated from as a matter of convenience in reducing data.  The results obtained from the 

two methods are comparable. 
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 Figure 2-3  Typical quasi-static tensile test stress-strain curve 
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Strain was measured using a strain gage during initial tests and an extensometer for later 

tests.  Because of the linear stress-strain to failure behavior of the material under study, 

strength results are reported as the stress at failure. 

All test results reported for a single data set were obtained from tests having identical loading 

rates.  However, for loading rates from 50 pounds/sec to 2000 pounds/sec there is no 

observed effect on the strength measured, as illustrated in Figure 2-4.  These loading rates 

correspond to strain rates from 1.7 x 10-4 1/sec to 6.7 x 10-3 1/sec. 

A hydraulic grip line pressure of 800 psi, producing a clamping force of approximately 

12,000 pounds, was used for all quasi-static tensile, tensile-rupture, and tension-tension 

fatigue tests.  During the initial stages of characterizing the material of interest, the measured 
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 Figure 2-4  Measured quasi-static tensile strength versus loading rate 
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strength values were found to be sensitive to grip pressure; higher pressures produced lower 

strength results.  Also, lower grip pressures led to slipping of the specimen in the grip 

wedges.  A grip pressure of 800 psi provided very reliable gripping, without slipping, and 

consistent strength results.  

Quasi-static tensile tests were also run at elevated temperatures.  An oven (Figure 2-5) 

constructed by Mr. McCord of the Materials Response Group was employed to obtain the 

desired testing temperature.  This oven consisted of a steel sheet metal box connected to an 

industrial handheld heat gun via a 3-inch flexible aluminum duct.  Temperature control was 

achieved with a PID controller.  The control loop consisted of the PID controller connected 

to the heating elements of the heat gun and thermocouple placed in the oven box to provide 

temperature feedback.  The tabbing, grip pressure and loading rate were the same as for the 

ambient quasi-static tensile tests. 

 

Figure 2-5  MTS load frame with box heater 
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2.2 Tensile Rupture Test 

Tensile Rupture tests were also performed on a Material Testing Systems (MTS) servo-

hydraulic load frame.  This frame was equipped with an environmental chamber, shown in 

Figure 2-6, and controller, manufactured by Russells Technical Products, capable of creating 

both elevated and sub-ambient temperatures and humidities.  Heating was accomplished by 

electric resistive heating elements and cooling by externally supplied liquid nitrogen. Grip 

extensions positioned the entire grip assembly within the environmental chamber so that when 

tests are run the specimen including the end-tabbed sections were in thermal equilibrium at 

the test temperature. 

 

Figure 2-6  Load frame and environmental chamber 
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The load profile for the tensile rupture tests consisted of an initial ramp and a subsequent 

hold at the desired load until failure.  This profile is shown in Figure 2-7. 

The specimens, tabbing method, and grip pressure used in the tensile rupture tests were 

identical to those used in the quasi-static tensile tests.  Results from the tensile rupture tests 

are reported as time to failure at a given temperature for the applied hold load.  Strain-time 

traces could also be obtained from these tests when an extensometer was used to measure 

strain. 
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 Figure 2-7  Typical tensile rupture test load-time trace 
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2.3 Tension-Tension Fatigue Test 

Tension-tension fatigue tests were conducted within the ASTM D 3479 standard [27].  

These tests were performed on the same Material Testing Systems (MTS) servo-hydraulic 

load frame as the quasi-static tensile tests.  The load history for the tension-tension fatigue 

tests consisted of a sinusoidal load profile at a frequency of 10 Hz that oscillated between a 

maximum load and ten percent of that maximum load (R= 0.1).  The load profile, shown in 

Figure 2-8, was entirely in tension.  Because of the limitation on material cross-section 

imposed by the pultrusion process, specimens were not acceptable for tension-compression 

testing at meaningful lengths.  Specimens, tabbing method, and grip pressure used in the 

tension-tension fatigue tests at room temperature were identical to those used in the quasi-

static tensile tests. 
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 Figure 2-8  Typical tension-tension fatigue test load-time trace 
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Tension-tension fatigue tests were also conducted at elevated temperatures.  These tests 

utilized the same specimen geometry, tabbing method and grip pressure as the quasi-static 

tensile test specimens.  The oven used was also of the same type used for the elevated 

temperature quasi-static tensile tests.  Results for all tension-tension fatigue tests are reported 

as cycles to failure at a given maximum stress, R-ratio, and test temperature. 

2.4 End-Loaded Bend Rupture Test 

As mention earlier, much of the present material characterization work was motivated by the 

material’s use in flexible risers.  The bend-rupture test method [28] was developed to 

examine the long-term behavior of the composite in a bent geometry while exposed to 

elevated temperatures and aggressive environments.  A brief analysis the specimen loading 

and a description of the test method development is given in Chapter 1. 

2.4.1 End-Loaded Bend Rupture Fixture 

An adjustable prototype fixture was used to obtain the bend-rupture data in this study.  This 

fixture, with and without a loaded specimen, is shown in Figure 2-9.  A Fisher Scientific 

Isotemp vacuum oven was used for the end-loaded bend rupture tests.  This oven’s large 

thermal mass and glass window made it ideal for these tests.  The tests were preformed by 

placing the fixture with loaded specimen into the oven, which was preheated to the desired 

test temperature.  A stopwatch was used to measure the time between the specimen being 

placed in the oven and the time the specimen failed.  The results from the bend rupture tests 

are reported as time to failure at a given normalized maximum strain and testing temperature.  

The normalized maximum strain is the mid-span surface strain normalized by the room 

temperature tensile strain at failure. 
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2.5 Dynamic Mechanical Analysis (DMA) 

Dynamic Mechanical Analysis was used to determine the relaxation profile of the 

carbon/PPS composite.  The DMA was performed at a fixed frequency of 1 Hz and a 

maximum displacement of 0.006 inches and the temperature was varied from 35° to 175° C 

at a rate of 1° C/min for all specimens tested.  The specimens used in the DMA were 2 x 0.5 

x .04 inches in dimension.  The tan δ curve gives the relaxation  profile of the material.  

These tests where performed on a Thermal Analysis Instruments 983 DMA that employs a 

cantilever bending geometry to displace the specimen.  Figure 2-10 shows a typical DMA 

plot.  A brief description of the viscoelastic behavior measured by the DMA is given in 

Chapter 1. 

 

 

Fixture Length

b

a

Fixture Length

b

a

 

 Figure 2-9  End-loaded bend rupture fixture 
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2.6 Environmental Aging 

Tests were preformed on the material after exposure to elevated temperatures in air and 

seawater.  Aging in air was accomplished by placing the specimens on wire racks in a 

vacuum oven and held at a constant temperature for the duration of aging.  In order to age 

material in seawater at elevated temperatures, specimens were arranged in racks fabricated 

of G10 glass/epoxy laminate, and then placed in a 10.5 quart glass box filled with seawater.  

The glass box was constructed of six 0.25-inch thick glass plates sealed with silicone.  The 

seal between the top plate and the four sides was cut with a razor blade so the top could be 

removed to allow access to the specimens and pressure relief.  The seawater was heated by 

placing the glass box on a wire rack in the vacuum oven and allowing the temperature of the 

 

 Figure 2-10  Typical DMA plot 
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seawater to come to equilibrium with the oven.  Because of the large thermal mass of the 

oven, it was ideal for heating the seawater and maintaining a constant temperature over long 

periods of time.  Seawater was simulated using Instant Ocean.  This product, manufactured 

by Aquarium Systems USA & France, contains sodium chloride and other trace elements in 

concentrations (when mixed as directed) typical of the ocean environment.  The product is 

intended to produce simulated seawater for saltwater aquariums. 

Aged material was tested using the same procedures as unaged material.  The aging of 

material is reported as the aging duration at a given temperature in a given environment (i.e. 

air or seawater). 

2.7 Summary: Chapter 2 

Chapter 2 describes the experimental test methods and procedures employed in the present 

study.  Table 2-1 summarizes these methods and describes the manner in which the results 

are reported. 
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Table 2-1  Tests methods and procedures 

Method or 
Procedure 

Loading 
Method 

Specimen 
Dimension 
(L x W x T)/ gage 
length inches 

Results Test Parameters 

     
Quasi-static 
tensile test 

Tension, 
Ramp to 
failure 

(6.0 x 0.5 x .04)/ 
3.0 

Strength (ksi) 
Modulus (Msi) 
Strain @ failure 
(%) 

Load rate (lbs/sec) 
Grip line pressure (psi) 
Test temperature (°C) 

     
Tensile rupture 
test 

Tension, 
Ramp and 
hold to failure 

(6.0 x 0.5 x .04)/ 
3.0 

Time to failure 
(sec) 

Load rate (lbs/sec) 
Hold stress (normalized) 
Grip line pressure (psi) 
Test temperature (°C) 

     
Tension-tension 
fatigue test 

Cyclic 
Tension, 
Sinusoidal 
cycled to 
failure 

(6.0 x 0.5 x .04)/ 
3.0 

Cycles to 
failure(cycles) 

Load frequency (Hz) 
R-Ratio 
Max stress (normalized) 
Grip line pressure (psi) 
Test temperature (°C) 

     
End-loaded 
bend rupture 
test 

Post buckled 
bending, 
Constant end-
displacement 

(6.0 x 0.5 x .04)/ 
3.0 

Time to failure 
(sec) 

Max Strain (normalized) 
Test temperature 

     
Dynamical 
Mechanical 
Analysis 
(DMA) 

Cantilever 
bending 

(2.0 x 0.5 x .04)/ 
1.5 

Tg 
Stiffness 
modulus 
Loss modulus 
Tangent delta 

Frequency (Hz) 
Heating Rate (°C/min) 
Max displacement 

     
Environmental 
aging 
 

Not loaded As need for 
subsequent tests  

NA Duration (days) 
Temperature (°C) 
Environment (air or 
seawater) 
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Chapter 3 
3 THE EFFECTS OF TEMPERATURE AND PROCESSING 

HISTORY ON COMPOSITE MECHANICAL 
PROPERTIES 

During the initial investigation of the carbon fiber/PPS composite, several inconsistencies in 

the material properties were observed between two deliveries of material.  Also of interest, 

quasi-static tensile tests of material aged at elevated temperatures yielded unexpected results.  

The present chapter presents the initial quasi-static tensile and bend-rupture test results, 

subsequent DMA results, and an investigation of the effects of manufacturing processing 

parameters on the tensile properties and bend-rupture behavior of the composite. 

3.1 Composite and its Constituents 

Baycomp of Burlington, Ontario, Canada, manufactured the material under study.  The 

composite is a carbon fiber/polyphenylene sulfide (PPS) pultruded composite tape with a 0.5 

x.04 inch cross section.  The composite tape consists of approximately 50% by weight or 

40% by volume carbon fiber with the remainder made up PPS polymer. 

3.1.1 Fiber 

The carbon fibers in the composite under study are Grafil 34-700 standard modulus carbon 

fibers. The composite contains 12, 12k (12,000 filament) tows of this fiber.  Typical 

properties [29] for Grafil 34-700 carbon fibers are given in Table 3-1.  The mechanical 

properties of the fibers are taken to be constant in the temperature range under 

consideration. 
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Table 3-1  Typical properties of Grafil 34-700 carbon fiber [29] 

Number of 
Filament 

Strength* 
ksi 

Modulus* 
msi 

Density 
lb/in3 

Yield 
yds/lb 

X-
sectional 
area in2 

Elongation 
%  

Filament 
Diameter 
µm 

        
12000 650 34 0.065 620 6.89x10-4 1.9 7 

* Impregnated Strand Test-SACMA Methodology 
 

3.1.2 Matrix 

The matrix material of the composite is polyphenylene sulfide (PPS), a semi-crystalline 

thermoplastic.  The PPS in the material of interest is manufactured by Phillips Petroleum 

Company and marketed under the trade name Ryton.  PPS is an attractive polymer because 

of its thermal stability and chemical resistance.  Typical room temperature mechanical 

properties of PPS [30] are given in Table 3-2. 

Table 3-2  Typical room temperature (25°C) mechanical properties of PPS 

Tensile Strength 
(ksi) 

Elongation 
(%) 

Flexural Strength 
(ksi) 

Flexural Modulus 
(ksi) 

    
12.5 3.0 21.0 600 

 

Of particular importance in the present study is the viscoelastic nature of the matrix material 

of the composite. As reviewed in Chapter 1, PPS is viscoelastic, i.e., can exhibit behavior 

that ranges from that of an elastic solid to that of a viscous fluid with a strong dependence on 

temperature and time.  Typical physical properties of PPS are given in Table 3-3.  The 

mechanical properties of the composite can be correlated to the relaxation profile.  Also of 

note is that the stiffness of the polymer is dependent on the degree of crystallinity and can 

also be affected by the presence of fibers that inhibit the mobility of the polymer. 
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Table 3-3  Typical room temperature physical properties of PPS [30] 

Glass Transition 
Temperature 

Melt 
Temperature 
Tm (°C) 

Max Crystallization 
Temperature from 
melt 
Tc (°C) 

Max Crystallization 
Temperature from 
glassy state 
Tc (°C) 

Specific 
Gravity 

     
85 285 230 130 1.35 

 

3.1.3 Constructing the Composite 

The PPS matrix and fibers are combined to form a composite tape through a pultrusion 

process.  A schematic of the manufacturing process is given as Figure 3-1.  Fiber tows are 

introduced into the manufacturing process from spools.  These tows are then separated and 

aligned as they enter the next stage of the process.  The next step involves a proprietary 

method of impregnating the fiber tows with powdered PPS.  It is suspected that this process 

involves using an electrostatic charge to attract the powder to the fibers.  Of particular 

interest to the present work are the heating, consolidation, and cooling segments of the 

process.  After the PPS is deposited on the fibers, it is drawn into the heated end of the die.  

The temperature of the fiber/matrix is brought to above the melt temperature, Tm, of PPS 

and the tape continues into the consolidation part of the die where it is forced into its final 

cross sectional shape and size, and then cooled.  The composite may then go through an 

additional cooling stage before it reaches the puller and runs through a composite tape 

accumulator then on to a take-up reel.  It is important that the composite temperature be well 

below the Tg of the matrix before it reaches the puller, accumulator, and take-up reel to 

prevent permanent deformation of the composite tape.  

In the following discussion all composite runs had the same constituents; differences in runs 

are due to processing parameters only.  The processing parameters of interest are the pull-

rate, method of cooling and exit temperature.  These parameters determine the cooling rate 

of the composite.  
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3.2 Material From Run 1 and Run 2 

Material from two manufacturing runs was received from the composite manufacturer and 

tested.  The first material received, Run 1, was from a trial run where only 30 pounds of 

composite were produced.  The second material, Run 2, was from a full-scale production 

run where 5000 pounds of composite were produced.  These materials are reported, by the 

manufacturer, to have identical constituents, however the processing information was not 

preserved and is not available for these runs. 

3.2.1 Preliminary Tests Results 

Quasi-static tension tests, fiber volume fraction measurements as well as bend rupture tests 

were preformed on material from these runs.  The results from the Quasi-static tests show 

that there was little difference in strength (5.4%) or modulus (2.8%) between the materials 

from the two runs.  These results along with the fiber volume fraction measurements are 
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Figure 3-1  Schematic of composite tape pultrusion manufacturing process 
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presented in Table 3-4.  The fiber volume fraction, νf, measurements were made following 

the Archimedes principle.  Because the results of this method are susceptible to errors in the 

measurement of specimen volume due to surface roughness and, in this case, because of the 

limited number of replicates, the accuracy of these results should be viewed accordingly.  

The manufacturing technique makes differences in νf unlikely if the cross section remains the 

same.  In addition, the measured strength and stiffness values counter indicate the νf 

measurements. 

Table 3-4  Comparison of room temperature Run 1 and Run 2 properties 

Material Strength (ksi) Modulus (msi) Fiber Volume Fraction (%) 
    
Run 1 (10 replicates) 186 ± 5.5 14.3 ± .13 44 (2 replicates) 
    
Run 2 (10 replicates) 196 ± NA 14.7 ± NA 39 (2 replicates) 
    
NA indicates data no longer available 

3.2.2 Quasi-Static Strength Data 

Quasi-static strength, modulus, and strain to failure measurements of Run 1 material were 

made by the quasi-static tensile test method.  Initial strength and modulus at 23, 90 and 120 

°C are presented in Table 3-5.  To determine the effect of unstressed exposure to elevated 

temperatures, specimens were aged in air at 90 and 120 °C for 1, 10, 30, and 100 days and 

then tested at room temperature to evaluate residual strength.  Quasi-static tensile properties 

are also given in Table 3-5. 
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Table 3-5  Run 1 tensile properties at temperature  and post aging 

  Modulus 
Msi 
 

Strength 
Ksi 

Strain to Failure 
%  

Quasi-Static Tension Test Results of un-aged 
material 

   

    
23 °C        (10 replicates) 14.3 ± .13 186 ± 5.5 1.41 ± .033 
90 °C        (5 replicates) 13.6 ± .26 188 ± 8.4 1.46 ± .061 
120 °C        (5 replicates) 13.2 ± .36 174 ± 7.8 1.37 ± .081 
    
Quasi-Static Tension Test Results  
of Aged Specimens (tested at 23 °C) 

   

    
1 Day @ 90 °C        (10 replicates) 14.3 ± .44 197 ± 14.4 1.41 ± .13 
10 Day @ 90 °C       (10 replicates) 14.2 ± .33 199 ± 8.4 1.44 ± .054 
30 Day @ 90 °C       (10 replicates) 14.2 ± .20 194 ± 6.7 1.46 ± .072 
100 Day @ 90 °C      (4 replicates) 14.3 ± .70 194 ± 11.6 1.41 ± .061 
    
1 Day @ 120 °C       (10 replicates) 14.3 ± .27 209 ± 6.3 1.55 ± .042 
10 Day @ 120 °C      (10 replicates) 14.0 ± .48 199 ± 12.4 1.50 ± .062 
30 Day @ 120 °C      (10 replicates) 14.4 ± .26 202 ± 5.4 1.47 ± .053 
100 Day @ 120 °C    (10 replicates) 14.5 ± .66 194 ± 5.1 1.44 ± .096 
    
 
 

The data in Table 3-5 show that unstressed exposure to air at 90 and 120 °C up to 100 

days enhances the quasi-static tensile strength of the material when compared to un-aged 

material.  These results are counterintuitive, as prolonged exposure to elevated temperatures 

is generally considered detrimental to polymers.  The strength of the material, under both 

aging conditions, is higher after exposure and the stiffness remains approximately the same in 

the case of 90°C aging and may show a slight increase in the case of 120°C aging.  Of note, 

there is a monotonic decrease in strain to failure with increased aging time at 120°C.  Insight 

to this behavior will come as the results of the bend-rupture tests are examined. 

3.2.3 Bend-Rupture Data 

Significant differences in bend-rupture behavior at elevated temperatures were discovered 

between two runs of the Baycomp carbon/PPS composite. 
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Bend-rupture tests at 90° C revealed large differences in time to rupture.  Figure 3-2 shows 

these data with a log curve fit, Run 2 having order of magnitude shorter lives.  The 

differences in bend-rupture behavior between the two runs are dramatic when compared to 

the small differences in quasi-static tensile behavior.  

The bend-rupture loading condition requires the matrix to transfer load between broken 

fibers and the adjacent fibers on the tensile side of the specimen and also provide radial 

support to the fibers on the compression side.  These results may indicate a difference in 

elevated temperature performance in other loading conditions, specially, where the matrix 

behavior plays an important role in the overall behavior of the material system. 
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 Figure 3-2  90 °C Bend-rupture results for Run 1 and Run 2 
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3.2.4 Dynamic Mechanical Analysis 

A DMA investigation of the two runs was performed in an effort to explain the large 

differences in bend rupture behavior when compared to the quasi-static tension results.  Two 

replicate DMA tests were preformed on as received Run 1 and Run 2 materials.  These tests 

show that the dominate relaxations of the material from the two runs differed by about 30° 

C.  The first run had its dominate relaxation at 130° C and the second run at 103° C.  

Representative DMA results are shown in Figure 3-3 and Figure 3-4 respectively. 
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3.2.4.1 Run 1 DMA 

There are several salient features in these results.  The as received Run 1 DMA, Figure 3-3, 

exhibits a distinct shoulder on the tan δ curve at 100° C to the right of the dominant peek at 

130° C.  This represents the β  and α relaxations respectively.  Examination of the tan δ 

curve shows a decrease in slope at 100°C indicating the Tg of the material.  This result points 

to the possibility that there is more than one relaxation in the polymer matrix that may affect 

the behavior of the composite. 

 

Figure 3-3  Representative DMA of Run 1 as received 
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3.2.4.2 Run 2 DMA 

Figure 3-4 shows a narrow dominant peek at 103° C (β  relaxation) with a secondary peek 

to its left at 130°C (α relaxation).  This result is perhaps more definitive as to the existence 

of multiple major relaxations in the PPS matrix.  The secondary peak, at 130°C (α 

relaxation), occurs at the temperature of maximum crystallinity, Tc, when the temperature is 

increased from below the Tg.  This result is consistent with the previously cited literature.  

The primary peek of the as received Run 1 DMA also occurs at this temperature.  Because 

the DMA test parameters are identical for both runs and the behavior during the test of each 

run is different, one must suspect that the initial crystallinity/morphology of the runs are 

different. 

 

Figure 3-4  Representative DMA of batch 2 as received 
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Because PPS is a thermoplastic, differences in DMA results due only to differences in 

morphology of the matrix material should be reversible.  These findings suggest that the 

performance of this material at elevated temperature is affected by PPS 

crystallinity/morphology. 

3.2.5 Reprocessing Experiment 

An experiment was devised to determine if the differences in DMA results could be removed 

by reprocessing.  DMA specimens from both Run 1 and Run 2 were prepared.  The 

specimens were then placed in an oven and heated to 230° C.  This temperature was chosen 

to be high in enough so that the PPS polymer chains could attain sufficient mobility to ‘erase’ 

most its original morphology and to not be so high that the composite would lose its 

consolidation.  The material was held at 230° C for 60 minutes then quenched to 130° C in 

another oven for 60 minutes and then quenched to room temperature.  A visual inspection of 

the specimens after reprocessing revealed no detectable change in color or shape between 

the two runs or between the pre and post-reprocessed material.  Again, a DMA was 

performed on the specimens from the two runs.  The results from these two tests, shown in 

Figure 3-5 and Figure 3-6, are almost identical, with their dominate relaxations at 130° C. 
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The DMA results from the modified specimens are similar to the results from as received 

Run 1.  From these results, it is believed that both runs of material are, indeed, made of 

identical constituents and the differences are caused primarily by differences in temperature 

profile during manufacturing. 

 

 

 

Figure 3-5  DMA of batch 1 as modified 
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3.3 Additional Runs 

In a cooperative effort with the materials manufacturer, several additional runs were made 

with controlled processing parameters and examined using quasi-static tensile and bend-

rupture tests.  The three parameters that were varied in the additional runs were pull rate, 

cooling method and exit temperature.  These parameters are defined in Table 3-6.  All other 

adjustable parameters, such as die temperature, remained constant. 

 

Figure 3-6  DMA of batch 2 as modified 
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Table 3-6  Processing parameter definitions  

Parameter Definition Effect 
   
Pull rate The rate measured between a point 

on the moving composite tape and a 
fixed point in the process, (m/min)  

Controls residence time in cooling 
method and cooling rate within the 
specific additional cooling section of the 
process 

   
Cooling method Additional cooling method 

employed to reduce the temperature 
of the composite tape after 
consolidation 

Effects the temperature differential and 
the heat transfer rate between the 
composite tape and the its surroundings  

   
Ambient Cooling method where composite 

tape was exposed only to the 
ambient conditions of the 
manufacturing plant (air @ ~23°C) 

Slowest and most gradual cooling 
method, provides for the highest exit 
temperatures 

   
Air Cooling method where composite 

tape was exposed to chilled air via 
an inline refrigeration unit 

Adds a rapid cooling period to the 
ambient cooling method, provides lower 
exit temperatures than ambient 

   
Air/water  Cooling method where composite 

tape was exposed to chilled air via 
an inline refrigeration unit then 
additionally cooled in an inline 
chilled water bath 

Adds a flash cooling period to the air 
cooling method, provides the lowest exit 
temperature and fastest cooling rate 

   
Exit temperature Temperature measured at the point 

after the additional cooling method 
was applied (Figure 3-1) 

NA (measurement) 

   

 

Nine additional samples were produced.  Table 3-7 describes the processing parameters 

used in the manufacture of the additional samples. 
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Table 3-7  Samples 1-9 processing parameters  

Sample Pull Rate 
m/min 

Cooling Method Exit Temperature 
°C 

    
Sample 1 20 Ambient 100 
Sample 2 20 Air 70 
Sample 3 20 Air/water 20 
Sample 4 25 Ambient 120 
Sample 5 25 Air 80 
Sample 6 25 Air/Water 20 
Sample 7 30 Ambient 125 
Sample 8 30 Air 85 
Sample 9 30 Air/water 25 
    

 

Quasi-static tensile tests were performed on the Samples 4, 5, and 6 with a 25 m/min pull 

rate and also on Samples 1 and 7 which were also ambient cooled but run at a higher and 

lower pull rates.  These results are given in Table 3-8.  

Table 3-8  Quasi-static test results 

  Modulus 
(msi) 
 

Strength 
(ksi) 

Strain to Failure 
(%) 

    
Run 1               (10 replicates) 14.2 186 1.41 
Run 2               (10 replicates) 14.7 196 1.39 
    
Sample 1            (3 replicates) 15.5 209 1.41 
Sample 2            (3 replicates) - - - 
Sample 3            (3 replicates) - - - 
Sample 4            (3 replicates) 14.0 189 1.40 
Sample 5            (3 replicates) 14.3 209 1.52 
Sample 6            (3 replicates) 14.5 200 1.41 
Sample 7            (3 replicates) 14.9 195 1.43 
Sample 8            (3 replicates) - - - 
Sample 9            (3 replicates) - - - 
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Visual examination of Samples 1-9 indicated non-uniform wet-out of fibers across the width 

of the tape.  Although hard to quantify, the severity of this problem seemed to be consistent 

through all nine samples.  It is unclear to the author whether this problem was related to the 

processing parameters or to the extremely short trial runs used to produce these samples.  

These matrix-poor regions caused longitudinal splitting in several of the bend-rupture test 

specimens during testing. 

Figure 3-7 shows the bend-rupture test results for Samples 4, 5, and 6 along with the data 

from Run 1 and Run 2 for comparison.  Because of the time constraint, these tests were run 

at high strain levels so that a reasonable number of data points could be collected. 
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Figure 3-7  90 °C Bend-rupture results for Samples 4, 5, 6 and Run 1 and Run 2 
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The most interesting result from these tests is the bend rupture life of Sample 4.  Two data 

points are shown in Figure 3-7 for Sample 4.  These points indicate the duration of a test that 

was stopped before the specimen failed (runout).  In the case of Sample 4 specimens had 

not experienced failure after a duration 3 orders of magnitude beyond the last failure of Run 

1, Run 2, Sample 5 and Sample 6.  A review of the processing parameters reveals that 

Sample 4 had the highest exit temperature, 120°C, of these samples and the slowest cooling 

rate, ambient cooling.  These results are consistent with the previously cited literature. 

3.4 Summary: Chapter 3 

A pultruded carbon fiber/PPS semicrystalline thermoplastic matrix composite has been 

discussed.  Contrasting quasi-static tensile and bend-rupture results were presented for two 

runs of the composite with identical constituents.  Bend-rupture results differed by orders of 

magnitude between the two runs.  Run 1 material gained strength after aging at elevated 

temperatures.  Through DMA testing, differences in the relaxation profiles of the matrix 

materials were revealed.  The two runs of material were then reprocessed and DMA tests 

produced identical results for the reprocessed Run 1 and Run 2 material.  Differences in the 

crystallinity/morphology of the PPS were indicated as the primary cause of the discrepancies 

in mechanical behavior between the two runs.  A study of the effects of varying processing 

parameters on the tensile and bend-rupture behavior of the composite was conducted.  A 

correlation has been shown between the pultrusion processing parameters and the 

mechanical properties of this carbon fiber/PPS composite.  These results underline the 

importance of process control to insure that a consistent product is produced.  This study 

also presents the possibility that mechanical properties may be optimized through the control 

of processing parameters to improve elevated temperature behavior. 
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Chapter 4 
4 TENSILE STRENGTH AND TENSILE RUPTURE 

BEHAVIOR 

The tensile properties of the carbon fiber/PPS composite are of particular importance to its 

use in non-bonded flexible risers.  Traditional tensile armor service is dominated by tension 

and in the present case, because of the slenderness of the composite wire; additional care is 

taken in the riser design to eliminate as much compression as possible.  In the present 

chapter, a few additional comments are made concerning the tensile behavior of the 

composite, the initial statistical tensile strength distributions are presented for several cases 

and are compared to the strength models discussed in Chapter 1.  Preliminary tensile rupture 

data are also presented and discussed. 

4.1 Initial Tensile Strength 

In the case of predicting static strength of a material consisting of parallel continuous fibers 

contained in a matrix material, commonly referred to as a unidirectional composite, several 

models have been suggested.  As a first approximation, the fiber direction strength of a 

unidirectional composite can be estimated by assuming that the two constituents, fiber and 

matrix, contribute to the strength of the composite in relation to their fiber volume fraction, νf 

[31].  The Rule of Mixtures (ROM) strength is given by  

)1( fmfft VXVXX −+=    (30) 

where Xt is the composite tensile strength, Xf and Xm are the tensile strengths of the fiber and 

matrix respectively. 
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Table 4-1 presents statistical fiber strength data for AS4 carbon fibers.  Further analysis of 

this data yields; m = 10.65, σo = 760.9 ksi, Lo = 0.394 in.  Although the fibers in the present 

composite are not Hercules AS4 but Grafil 34-700 fibers, both fibers are intermediate 

modulus fibers and the author was unable to find statistical data for the present fibers. This 

data is used in the following strength models. 

Table 4-1  Weibull reference strength for various gage lengths[32] 

Gage Length 
(in) 

Weibull Reference Strength 
σ 0  (ksi) 

1.97 552 
1.18 558 
0.79 574 
0.24 645 
0.12 683 

 

As a further attempt, the composite can be thought of as a bundle of fibers with no 

contribution to the strength from the matrix.  As reviewed in Chapter 1 the strength of a 

bundle of fibers of length L is given by 

m

fft mLe
L

EVX

1

0
0 






= ε    (31) 

where fE is the stiffness of the fibers, 0ε , 0L , and m are Weibull parameters.  This estimate 

may be modified to include some influence of the fiber matrix interaction (although unnatural) 

by replacing the bundle length, L, by an ineffective length, δ.  In this case, δ is the length over 

which a broken fiber carries no load and therefore influences its neighboring fibers. 

One of the most widely used models for tensile strength of unidirectional composite materials 

is Batdorf’s [33,34] model.  In his model, he considers the only damage in the composite to 

be fiber failure.  The matrix only contributes as a means to introduce a stress concentration 
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on adjacent fibers over an ineffective length.  As load increases on the composite, the 

weakest fiber fails and sheds its stress to its neighbors increasing the probability that a 

neighboring fiber, in the plane of the initial break, will fail.  The single fiber break (singlet) 

becomes a double fiber break (doublet) and so on. As the load is increased this process 

continues to the point of instability and ultimate failure of the composite.  The lowest stress at 

which an arbitrary number of broken fibers becomes unstable defines the strength of the 

composite. 

Of late Monte Carlo simulations for the strength of unidirectional composites [35] have been 

gaining acceptance.  These simulations are a technique for obtaining the strength distributions 

of unidirectional composite systems.  Table 4-2 shows the strength results obtained from rule 

of mixtures, bundle strength calculations, Batdorf’s analysis, and the Monte Carlo 

simulations.  Like Batdorf’s analysis, the Monte Carlo simulations require the Weibull 

statistics for the strength of the fibers, the modulus of the fiber and matrix, the fiber volume 

fraction, fiber diameter and packing arrangement. 

Table 4-2  Strength models compared to experimental results. 

 Strength, ksi Weibull shape parameter 
Rule of mixtures 267 − 
Bundle Strength 148 − 
Batdorf 232 − 
Monte Carlo simulation 
[36] 

265 82.0 

Experimental 227 19.8 

 

The Batdorf technique and the Monte Carlo simulations over-estimate composite strength.  

Although the Batdorf results are closer to the experimental strength, the Monte Carlo 

strength simulations more accurately mimic the progression of fiber breaks leading up to 
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composite failure.  In the Batdorf analysis, the breaks are assumed to be co-planar.  Since 

this limitation is not imposed in the Monte Carlo simulations, the Batdorf strength is lower 

than the Monte Carlo simulation result for strength.  Moreover, the Batdorf analysis imposes 

a linear approximation to the stress profile in the overstressed region on fibers surrounding a 

break cluster.  This technique overestimates the stresses on unbroken fibers, which in turn 

lowers the strength prediction from a Batdorf analysis.  Also, the Monte Carlo simulation 

yields Weibull statistics for failure of the composite from the Weibull fiber strength 

distribution.   

4.2 Weibull Tensile Strength Distribution 

The quasi-static tensile strength data sets were obtained experimentally.  Approximately 30 

tests were run for each of three cases.  These cases consisted of the following material: 

• Material from 1 run of the carbon fiber/PPS composite as received 

• Material from 6 runs of the carbon fiber/PPS composite as received 

• Material from 6 runs of the carbon fiber/PPS composite aged 21 
days in 90° C saltwater 

Figure 4-1 shows the probability of failure of a single manufacturing run of the composite 

with increasing load. 

Figure 4-1 illustrates the consistent strength of the composite with in a single run which 

maybe expected due to manufacturing method.  This data also supports the reproducibility of 

the quasi-static tensile test method. 
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Quasi-static tensile strength results are presented in Figure 4-2 for six runs of material before 

and after aging.  Each data set consisted of 5 specimens from each run.  It may be argued 

that these 6 runs can be identified within the distributions.  Further statistical analysis is 

necessary to confirm this.  
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Figure 4-1 Probability of failure for material from 1 run of the carbon fiber/PPS 
composite as received 
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Figure 4-3 shows the widening of the distributions between the 1 run data set and the 6 run 

data set, and the larger deviation from the Weibull distribution. 

 

Figure 4-2 Probability of failure for material from 6 runs of the carbon fiber/PPS 
composite as received and aged 
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Figure 4-3 Comparison of probability of failure for three cases  

4.3 Tensile Rupture Behavior 

Understanding the tensile rupture behavior of the composite is important to its use in non-

bonded flexible risers.  The relationship between the time to rupture and the applied stress 

and temperature are necessary inputs to the life prediction methodology presented in 

Chapter 5.  Because of the difficulty in conducting tensile rupture tests, limited data is 

available.  The limited data collected in the current study was fit by the form 

σDTBA
rupture et ++= /    (32) 
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where A, B, and D are fitting parameters and rupturet  and σ are the time to rupture and 

applied normalized stress respectively.  Figure 4-4 shows the rupture curve fits for 90, 80, 

and 70 °C at normalized stresses of 90.0% and 87.5% of the Weibull strength of the Case 1 

composite.  The high load levels and temperatures tested were dictated by the limited 

amount of time available to conduct tests. 

It is evident from Figure 4-4 that longer tests at lower temperatures and stress levels are 

required to measure the load and temperature dependence of the tensile rupture behavior.  

This fact further motivates the use of a test method like the bend rupture method to 

determine time dependent behavior. 
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Figure 4-4 Time to rupture at temperature  
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Summary: Chapter 4 

Chapter 4 several features concerning the tensile behavior of the carbon fiber/PPS 

composite. Tensile strength models were compared to experimental results of one run of 

composite.  The Weibull strength distributions for three cases were presented and compared 

and demonstrated expected results. The difficulty in obtained tensile rupture results was 

discussed. 
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Chapter 5 
5 FATIGUE – RUPTURE COMBINED LOADING 

Combinations of failure mechanisms are frequently encountered in the life prediction of 

composite materials.  In the present chapter, a life prediction methodology is developed and 

applied to one such failure mechanism combination.  This method uses experimental data and 

analytical tools to predict the long-term behavior of a composite under service conditions.  

The prediction scheme is based on the assumption that damage accumulation progressively 

reduces the remaining strength of a composite.  An overview of the fundamental concepts of 

the life prediction method is presented.  The method is used to model the elevated 

temperature fatigue behavior of the unidirectional Grafil 34-700 carbon fiber/ polyphenylene 

sulfide (PPS) matrix composite previously discussed.  The nonlinear combined effects of time 

at elevated temperature and fatigue are taken into account by considering elevated 

temperature tensile rupture and room temperature fatigue behavior.  The life prediction for 

the combined loading is compared to 90°C tensile-tensile fatigue data.  This comparison 

shows good correlation between the predictions and data, and thereby demonstrates the 

method’s effectiveness in life prediction modeling. 

Life prediction of composite materials subjected to combined loading is often a key aspect of 

design.  Combined loads may be comprised of quasi-static mechanical loads (tension, 

compression, shear, etc.), mechanical fatigue, elevated temperatures, thermal cycling and 

chemical degradation.  It is usually not possible to include all of these factors and their 

variations in a single test.  Therefore it is necessary to have an analytical method for 

combining the applicable conditions to predict the life of composites. 
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In order to use this material for the flexible riser application described in Chapter 1, the 

service life prediction must include the effects of fatigue and elevated temperatures up to 

90°C.  The service life model for the material under consideration was constructed using the 

methodology proposed by Reifsnider et al [37].  This methodology has been used for a 

variety of material systems in many service environments and has been integrated into a 

performance simulation code, MRLife, developed by the Materials Response Group at 

Virginia Tech [38, 39, 40].  This methodology uses experimental data and analytical tools to 

predict the long-term behavior of a composite.  The method is verified for the current 

material via comparison of experimental data to the predicted life.  

5.1 Life Prediction Overview 

The present life prediction scheme is based on damage accumulation concepts applied to 

composite materials.  The basic principles of this scheme are described as follows.  We 

begin our analysis by postulating that remaining strength may be used as a damage metric 

[37-41].  We next assume that the remaining strength may be determined (or predicted) as a 

function of load level and some form of generalized time.  For a given load level, a particular 

fraction of life corresponds to a certain reduction in remaining strength.  We claim that a 

particular fraction of life at a second load level is equivalent to the first if (and only if) it gives 

the same reduction in remaining strength, as illustrated in Figure 5-1.  In the case of Figure 

5-1, time t1 at an applied stress level Sa
1 is equivalent to time t2 at stress level Sa

2 because it 

gives the same remaining strength.  In addition, the remaining life at the second load level is 

given by the amount of generalized time required to reduce the remaining strength to the 

applied load level.  In this way, the effect of several increments of loading may be accounted 

for by adding their respective reductions in remaining strength.  For the general case, the 

strength reduction curves may be nonlinear, so the remaining strength and life calculations are 

path dependent. 
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Our next step in the analysis is to postulate that normalized remaining strength (our damage 

metric) is an internal state variable for a damaged material system.  This normalized remaining 

strength is based on the selection of an appropriate failure criterion (such as maximum stress 

or Tsai-Hill) which is a scalar combination of the principal material strengths and applied 

stresses in the critical element.  In this way we are able to consider a single quantity rather 

than the individual components of the strength tensor.  In the present case, a maximum stress 

criterion is chosen as the failure function for the unidirectional composite loaded in axial 

tension.  We denote this failure function by Fa.  We next construct a second state variable, 

the continuity [42], defined as (1-Fa) and denote it by ψ.  We shall attempt to define our 

remaining strength and life in terms of ψ.  To do so, we assume that the kinetics are defined 
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Figure 5-1  The use of remaining strength as a damage metric 
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by a specific damage accumulation process for a particular failure mode, and assign 

appropriate rate equations to each of the processes that may be present. 

For the present case, we assume that a common kinetic equation (a power law) describes 

the damage accumulation in our material such that 

d
d

A j jψ
τ

ψ τ= − −1       (1) 

where 

ψ = continuity 

τ = generalized time variable 

A = constant 

j = material parameter 

The generalized time, τ , is defined by 

τ
τ

=
t
$

         (2) 

where 

t = time 

$τ = characteristic time 

The characteristic time could be a creep rupture life, a creep time constant, or a fatigue life, 

in which case 

τ =
n
N

        

 (3) 

where 
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n = number of fatigue cycles 

N = number of cycles to failure for the applied loading condition 

Next, we rearrange Equation (1) and integrate so that we have 

ττψψ
ψ

ψ

djAd j
i

o

1−∫∫ −=       (5) 

If we integrate the left-hand side and substitute (1-Fa) for ψ we have 

ψ ψ2 1 1 2− = − = −Fa Fa Fa∆       (6) 

Next, we define our normalized remaining strength, Fr so that 

( )∫ −−−=∆−=
τ

ττ
0

1111 djFaAFaFr j     (7) 

For loading cases in which Fa is constant, Equation (7) may be integrated to obtain 

jFaAFr τ)1(1 −−=        (8) 

The point at which Fr is equal to Fa defines material failure.  Based upon the definition of τ, 

for the constant amplitude case this condition should occur when τ is equal to unity, so that A 

is also equal to unity.  The resulting evolution equation for the remaining strength is then given 

by 

( )∫ −−−=∆−=
τ

ττ
0

1111 djFaFaFr j      (9) 

The material parameter, j, is related to the shape of the remaining strength curve [3].  The 

parameter, j, can be determined from remaining strength data for a given failure mechanism.  

In our case j was chosen to be 1.2 based on previous experience with carbon/polymer 

composites. 
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Equation (9), which is a direct result of the kinetic equation given in Equation (5) has been 

used with a great deal of success for polymer composites [21-24] under fatigue loading 

conditions.  Recently, an approach has been developed to predict the lifetime under 

combined fatigue and rupture conditions [43].  This approach is used in the present work. 

5.2 Method Validation 

We will now apply the damage accumulation scheme previously described to predict the 

elevated temperature fatigue behavior of the material under study and then compare these 

predictions to experimental data.   

5.2.1 Tensile Rupture 

The first step in implementing the method for this task is to characterize the time dependent 

behavior of the failure process.  In our case, this is tensile rupture at an elevated temperature 

of 90°C.  

An equation presented by Kachanov [42] of the form 

( ) nFaBnrupturet
⋅⋅+

=
1

1
     (10) 

where 

Fa = σ/σult = applied stress/ultimate strength  

trupture = time to rupture in hours 

B, n = constants determined through curve fitting 

is used to describe the tensile rupture behavior.  Setting σ equal to Sr (the remaining strength 

fraction) Equation (10) can be rewritten in the form  
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( )
n

rupturetBn
Fa

1

1
1















⋅⋅+
=      (11) 

Equation (10) was fit, using a least squares method, to 90°C tensile rupture data for the 

present material.  The values of B and n were determined to be 0.0382 and 26.0, 

respectively (for the time to failure given in seconds).  The tensile rupture curve fit and data 

are shown in Figure 5-2. 
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Figure 5-2  Tensile rupture curve fit and data 
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5.2.2 Fatigue 

Next, the fatigue effect of the combined loading was characterized.  The room temperature 

fatigue data were fit with a conventional S-N curve of the form 

S
S

A B N
ULT

n n
Pn= + (log )       (12) 

where 

S/Sult = normalized maximum stress 

N = number of cycles to failure 

An, Bn, Pn = material constants 

The data and curve are shown in Figure 5-3.  The constants were found to be: An=0.9207, 

Bn=-0.0189, and Pn=1. 
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5.2.3 Combined Rupture and Fatigue 

Finally, the effects of time at elevated temperature and fatigue were combined by defining a 

characteristic time as described previously in reference [6].  The prediction for the combined 

loading and the 90°C fatigue data show a good agreement (Figure 5-4).  This verifies the 

technique for predicting the combined effects of time and cyclic processes for the material 

and conditions under study. 
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Figure 5-3  Room temperature fatigue data and S-N curve fit 
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5.3 R-Ratio Influence  

For the present case, tension-tension (R = 0.1) fatigue of a unidirectional composite at 

elevated temperature, this method resulted in a good prediction of life under present 

combined loading.  It is expected that for tension-tension fatigue loading with other R-ratios, 

the present characterization of the fatigue effect on life will produce similarly good 

predictions.  This should be confirmed through experiment.  As the failure mechanism is 

expected to be different for tension-compression or compression-compression fatigue this 

failure mechanism would need to be characterized in order represent the fatigue effect in this 

method. 
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Figure 5-4  Comparison of elevated temperature fatigue prediction and 90°C fatigue data 
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5.4 Summary: Chapter 5 

The life prediction model presented is based on an iterative strength reduction scheme, which 

allows for the consideration of several types of combined generalized loads and applied 

environments.  This paper studied only environmental conditions and cyclic loading; 

however, any number of other load types may be able to be combined using a similar 

technique.  Comparison of experimental data with the life prediction results has demonstrated 

the model’s effectiveness for the material and loading case under study.  
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Chapter 6 
6 CONCLUSIONS 

Several key findings produced during the research and development of a carbon 

fiber/thermoplastic matrix composite intended to replace a steel component in a non-bonded 

flexible riser have been presented.  These findings include the introduction of a bend-rupture 

test method that proves to be simple to implement and sensitive to subtle differences in the 

matrix material of composites.  In addition, the importance of manufacturing processing 

parameters on the long-term behavior of a semicrystalline thermoplastic matrix composite 

has been illuminated.  Experimentally determined static strength, and tensile rupture data are 

presented as a basis for future life prediction modeling.  A remaining strength approach for 

life prediction has been developed and presented for the case of combined fatigue and 

rupture loading. 

The context in which the present work was undertaken along with the foundation that this 

work extends has been made clear.  The motivation to use composite materials in a non-

bonded flexible riser for use in the offshore oil industry was put forth.  The requirements for 

such a material were detailed. 

A pultruded carbon fiber/PPS semicrystalline thermoplastic matrix composite has been 

discussed.  Contrasting quasi-static tensile and bend-rupture results were presented for two 

runs of the composite with identical constituents.  Bend-rupture tests produced results that 

differed by orders of magnitude between the two runs.  The bend-rupture test method results 

proved to be the most sensitive to the differences in the thermoplastic matrix composite.  Run 
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1 material gained strength after aging at elevated temperatures.  Through DMA testing, 

differences in the relaxation profiles of the matrix materials were revealed.  The two runs of 

material were then reprocessed and DMA tests produced identical results for the 

reprocessed Run 1 and Run 2 materials.  Differences in the crystallinity/morphology of the 

PPS were indicated as the primary cause of the discrepancies in mechanical behavior 

between the two runs.  A study of the effects of varying processing parameters on the tensile 

and bend-rupture behavior of the composite was conducted.  A correlation has been shown 

between the pultrusion processing parameters and the mechanical properties of this Carbon 

fiber/PPS composite.  These results underline the importance of process control to insure 

that a consistent product is produced.  This study also presents the possibility that 

mechanical properties may be optimized through the control of processing parameters to 

improve elevated temperature behavior. 

The life prediction model presented is based on an iterative strength reduction scheme, which 

allows for the consideration of several types of combined generalized loads and applied 

environments.  The present work studied only environmental conditions and cyclic loading; 

however, any number of other load types may be able to be combined using a similar 

technique.  Comparison of experimental data with the life prediction results has demonstrated 

the model’s effectiveness for the material and loading case under study. 
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