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ABSTRACT

Over the last four decades, continuous carbon ber (CF) reinforced composites have seen
a rapid increase in use for aerospace applications. CF reinforced polymer composites can be
seven times as strong and one and a half times lighter than aluminum. With these properties,
they are an attractive material option when weight and strength optimization are paramount.

Di culties arise, however, when manufacturing complex shapes. Continuous CF materials
have challenges forming to complex geometries due to the limited strain displacement of the
sti carbon ber. Currently, methods used to manufacture many complex geometries are
tedious, increasing both manufacturing cost and time.

A potential solution is an aligned, discontinuous CF material, Stretch Broken Carbon
Fiber (SBCF). In past material development e orts, SBCF has shown increased formability
with similar mechanical properties to continuous carbon ber. Past eorts did not
characterize SBCF's long term behavior under creep loading. Breaking the ber at its
natural aws creates inherent discontinuities in the material that are lled with the resin
matrix. Creep in composite materials is a matrix dominated e ect, therefore, discontinuities
could potentially impact behavior. A major challenge of creep characterization is that testing
methodologies require large machines capable of testing coupons at loads similar to those
used for standard tensile tests. This size limits the general applicability of creep testing
during rapid material development.

For this study, creep testing of continuous CF and SBCF laminates in the ber direction
was conducted. To accomplish comparative testing, a novel creep testing method was
developed. A simple lever arm creep testing machine was designed, fabricated, quali ed,
and implemented. A reduced geometry creep test coupon was developed alongside the creep
machine machine. Additionally, a simpli ed data acquisition method was devised. Creep
coupons were tested at approximately two thirds of their theoretical static ultimate strength
for ve hundred hours at 822 C (180 F).

When loaded in the ber direction, comparative preliminary creep tests of continuous
and stretch broken CF found similar behavior. Both continuous and stretch broken CF
materials did not exhibit measurable creep. Creep data collected support the idea that
the mechanical properties of SBCF composites are comparable to those of continuous CF
composites.
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INTRODUCTION

Initially, aerospace components produced with composite materials were employed in
niche use cases. However, with time, design and manufacturing engineers began implement-
ing them into primary aerospace structures. The last four decades have subsequently seen a
rapid increase in use of composites in aerospace applications [11].

Although there is a tendency to think of composites as \new" in the aerospace realm,
the reality is that composite materials were used in many structures contained in early
aircraft. The rst aircraft were made of wood, a natural composite. The Wright Flyer can
be looked at as an example of an aircraft using wood in its construction [12, 13]. By the
1930s, aircraft structures had largely transitioned to metal alloys such as aluminum. With
some notable exceptions, metals would be used almost exclusively until the 1960s [12, 13].
From the mid-1960s to the 1970s the rst generation of composite materials began to be
introduced. Improvements in composite materials have resulted in their increased adoption
since the early days. In the present day, composite materials are employed in a plethora of
aircraft and aerospace applications from the F-35 Lightening Il to the 787 Dreamliner. The
later of which is over 50% composite by weight [12, 14, 15]. With their continued widespread
adoption the aerospace carbon ber and composite material market is projected to valued at
nearly $30 billion by 2026 [15, 16]. The ascendancy of composites can largely be attributed

to their many advantageous properties [11, 17].

Carbon Fiber ReinforcedPolymer (CFRP) Material Advantagesand Disadvantages

Carbon Fiber Reinforced Polymer (CFRP) composites have numerous reasons for their

natural choice as materials for aerospace applications. They are relatively lightweight while
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retaining strength compared to conventional materials. Composites overall can be seven
times stronger, and one and a half times lighter, than 7000 series aluminum, a common
alloy used in aerospace construction. A high strength to weight ratio allows for an overall
increase in aircraft performance and e ciency [11, 15, 16, 18, 19]. When used in specic
forms, CFRPs can be tailored to the necessary strength requirements of a given part. With
tailor-ability, greater exibility of part design is gained [11, 16]. Fatigue resistance is another
bene cial attribute of CFRP materials. Ideally, this can aid in the reduction of maintenance
costs and overall structure longevity [11, 15, 16, 18, 19]. By their nature, carbon ber
composites are also known to have a low coe cient of thermal expansion. In applications
where dimensional stability at supra-ambient conditions is of concern, CFRP materials can
be utilized to bene cially replace metallic components [15, 18, 19]. A nal desirable attribute
of CFRPs is their high corrosion resistance when used separately from metallic structures.
Corrosion resistance coupled with fatigue resistance make composites an ideal material for
increasing part or structure lifespan [11, 16, 19].

As with many engineered materials, carbon ber reinforced polymer composites have
a number of trade-o s that can be viewed as disadvantages. Laminate composites by their
nature have a low impact resistance. This limits their application in areas where damage may
occur with Foreign Object Debris (FOD) and the like [15, 18, 19]. Galvanic corrosion is also
of concern where composites are employed. Due to carbon ber's electrical conductivity,
galvanic corrosion is of particular concern with aluminum hybrid structures. To reduce
the issue of corrosion, a glass ber insulative layer must be utilized at all interface points
leading to added part complexity [16, 20]. Another drawback of CFRPs is their low breaking
elongation strength, or strain to failure. This value is typically no greater than 2% for
most carbon ber materials. A low breaking elongation strength also limits the ability of
carbon ber pre-preg to conform to complex shapes prior to cure thus limiting it's potential

usefulness [17{19]. Some of the most prominent issues encountered with composites is in
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manufacturing. While robotic machines have helped reduce the cost of production for many
parts, there are still many others that must be produced by hand. Typically, complex shape
manufacture involves hand layup of pre-preg. The hand layup process is often tedious and
can take days to complete. For parts with complex geometries, however, sometimes this is
the only way the parts can be completed [11, 17, 19].

Given the overall desirability of CFRP composites in aerospace applications, a signi -
cant amount of research has been dedicated to reducing costs associated with manufacturing.
[17, 21]. E orts over the past two decades have seen an emphasis on the development carbon
ber materials more capable of forming into complex shapes. One particular solution is the
creation of a discontinuous carbon ber material that is now known as stretch broken carbon

ber (SBCF) [2, 21, 22].

Introduction to SBCF

SBCF can best be described as an aligned discontinuous carbon ber material. It
consists primarily of continuous carbon ber material whose laments have been broken
randomly at inherent natural aws present to create discontinuities [2, 22{25]. The most
common way to accomplish stretch breaking is through the use of a set of rollers. Rollers
are set at a desired distance from each other and driven at di erential speeds. A tow or tows
are run through the di erentially driven rollers which in turn puts the material in tension.
Figure 1.1 explains the stretch breaking process. It is the rollers that accomplish the task
of stretch breaking [2, 22, 23, 25]. According to Hansest al. [23], once sizing has been
applied, immediately after the stretch breaking process, SBCF material can be handled like
a typical continuous carbon ber material.

Preliminary mechanical characterization of an SBCF material developed by Hexcel has
been conducted by Hansert al.[23], Jacobsen [26], and Jacobsen and Maass [27]. All

studies conducted tested their respective materials under tension, compression, short beam



Figure 1.1: A representation of the stretch breaking process using dierentially driven
rollers [1].

shear, open hole tension, and open hole compression. Overall, each study found that stretch
broken carbon ber was consistent with and statistically equivalent to continuous material
for current mean ber break lengths [23, 26, 27].

There has been an emphasis on mechanical characterization of stretch broken carbon
ber as these properties are crucial to understand the materials future viability. The scope
of preliminary mechanical characterization, however, has been limited. Preliminary tests
looked only at mechanical behavior, until failure, over a short period of time. Long term
mechanical testing, such as creep testing has not been signi cantly explored [23, 26, 27]. In
context, the decision to avoid long term testing makes sense. Carbon bers themselves are
not known to creep or fail under creep loading [28]. In composite materials, creep behavior
is primarily governed by the polymer matrix employed. For continuous materials it is known
that a coupon loaded primarily inline with the ber reinforcement will not creep. While,
coupons loaded orthogonal to the ber direction will exhibit creep behavior consistent with
it's matrix [29{32]. As stated above, stretch broken carbon ber is an aligned discontinuous
ber. By de nition, spacing occurs between laments in discontinuous ber materials. When
processed into pre-prep form, voids are lled with the matrix material. A representation of
discontinuous stretch broken carbon ber from Ridgardet al. [2] can be seen in Figure

1.2. A Scanning Electron Microscope (SEM) image of SBCF, with breaks highlighted is
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shown in Figure 1.3. It is known by studies completed by Hansest al. [23], Jacobsen [26],
and Jacobsen and Maass [27] that short term mechanical properties of SBCF laminates are
similar to those of continuous ber laminates. It is hypothesized that similarity of properties

is due to continuity of shear transfer into adjacent laments being maintained despite the
presence of discontinuities [2].

In continuous ber composites local load sharing is observed if a ber break exists. The
end of a broken ber will carry not load. Instead, shear is transferred to the surrounding
area by the matrix through a phenomena called "shear lag." A representation of the shear
distribution in a continuous ber composite can be seen in Figure 1.4. Shear lag allows
dissipation of the stress concentration observed at the break. The distance from a ber
break where 90% of the tensile stress is recovered in the discontinuous ber is termed the
ine ective length, . Practically speaking, minimal in uence on mechanical properties can
be assumed if another aw does not occur within approximately ve to ten ber diameters
for most CFRPs. It is proposed that SBCF laminates are able to take advantage of shear

lag e ects to retain similar mechanical properties to continuous laminates.

Figure 1.2: A representation of stretch broken carbon ber exhibiting discontinuities between
bers [2].

While creep testing of ber reinforced polymer composites is not uncommon, a review
of relevant literature revealed a gap in knowledge. Presently, not much is known how

the presence of discontinuities contained in SBCF laminates will alter creep properties in



Figure 1.3: An SEM of SBCF with breaks highlighted.

Figure 1.4: A representation of the stress distribution in a continuous composite due to shear
lag e ects.
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comparison to continuous carbon ber materials [6, 8, 9, 29{35].

Currently, researchers at MSU (2024) are developing a new stretch broken carbon ber
material based on the knowledge gained from the previous e ort lead by Hexcel Corporation.
Research and testing has been undertaken by a number of individuals to aid in the study of
the novel material. The goal of research at MSU is to obtain a greater knowledge of SBCF's
characteristics. One speci c arena is the increased understanding of SBCF's mechanical

properties post cure.

Thesis Goal and Structure

The goal of this thesis is to present a method by which the creep response of
unidirectional continuous and SBCF laminates might be evaluated using reduced geometry
coupons. Three primary objectives for this thesis are: 1) design, build, qualify, and
implement a simple creep testing machine for coupon testing, 2) develop a reduced geometry
creep test coupon, and 3) acquire preliminary creep data to allow for a comparison of
continuous and SBCF laminates loaded in the ber direction.

This thesis is divided into six chapters. The overall structure can be explained as follows:
the rst chapter is given to provide an introduction and purpose of current SBCF research,
chapter two contains background information and a literature review, chapter three goes into
depth regarding the design of the creep testing machine produced and used during this study,
chapter four covers creep testing methods and experimental procedure with an emphasis on
creep coupon development, chapter ve is reserved for a presentation of results and related
discussion, and chapter six contains an overview of conclusions and recommendations for

potential future work.
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BACKGROUND

Introduction

In recent decades, Fiber Reinforced Polymer (FRP) materials have seen an increasing
amount of interest. From aerospace to ground transportation, engineers have expanded
their use of composite materials to replace conventional materials in structural applications
[6, 29, 33]. Composite materials have numerous advantages over conventional materials such
as steel and aluminum. At a base level, composites are sti er and have a higher strength to
weight ratio [6, 8, 31]. In addition, FRPs frequently o er better resistance to fatigue and
improved corrosion resistance [31]. Another prevalent advantage to composite materials is
their ability to be tailored to speci ¢ design applications. This can be accomplished primarily
through the ber, matrix material, ber orientation, and laminate stacking sequence chosen
[31]. Despite these advantages, FRPs do have a number of drawbacks. Given the use of a
polymer for the matrix material, it is expected that the polymer matrix will exhibit a time-
dependent mechanical response [30]. As a result, the expected time dependent mechanical
response causes polymers to be classi ed as viscoelastic. That is, they exhibit properties
of both elastic solids and viscous uids [34]. Thus, FRPs as a whole will also exhibit some
degree of viscoelasticity due to the integration of a polymer matrix. The presences of the
polymer matrix presents a unique problem for the design engineer who is interested in using
FRPs. Long term durability of a structure and the structure's constitutive materials is of
primary concern. Speci cally, the engineer will need to take into account and accommodate
for the viscoelastic response of a composite structure subjected to a load. A viscoelastic
response may result in deformation that is deleterious to the overall strength of a structure.
[30, 31, 34]. It should be noted that laments within a composite can rupture over time
under loading. If rupture does occur, broken laments shed their load to the surrounding

matrix and adjacent laments. An increase in strain may be observed. However, in the case
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of lament rupture, any increase in strain observed may not be the result of viscoelastic
phenomenon. Due to the complexity of local load sharing the mechanics extend beyond
simple viscoelasticity.

In its most basic description, deformation over time can take the form of a phenomenon
called creep. Creep is thus the time dependent deformation of a material when subjected to
a constant load [6, 32, 34]. Characterization of creep behavior is the rst step to understand
and predict the long term behavior of a composite. A creep test is the most common way
to quantify the long term behavior of a composite. Data obtained through creep tests can
then be compiled to provide a representative sample of deformation, over time, at di erent
conditions. Overall, creep data collection can be plotted as strain versus time to obtain
what is called a creep curve. Creep data may also be applied to aid in predictive viscoelastic
modelling. Before going any further, it is important to discuss the topic of a generalized creep
curve for a material and its regions. A generalized curve is given in Figure 2.1. At the point
of loading an initial elastic strain is observed. Assuming the initial applied stress exceeds
the yield stress, for the given test temperature, a plastic strain will occur. At this point, the
creep curve can be separated into three distinct regions: 1) Primary, 2) Secondary, and 3)
Tertiary creep. The primary creep region is marked by an interval of creep where the rate
of strain is decreasing continuously. Strain accumulated in the primary region is typically
smaller than that in subsequent regions. The primary creep region is of particular importance
if the load duration is short. The next observed interval is called the secondary creep region.
In this region the creep rate is essentially constant. Strain data here can frequently be
approximated by a straight line. For most materials the secondary creep region is the most
signi cant interval of creep on its creep curve. The secondary region transforms into the
third creep interval. The tertiary creep region is the nal interval observed on a creep curve.
It is marked by an increase in strain rate until a phenomenon called creep rupture occurs.

Total creep of a material during a test can be quanti ed as the sum of all creep accumulated
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through each of the above regions [3].

Figure 2.1: A Representation of a typical creep curve from Shames [3]. Creep strain is
denoted by .

The background chapter presented is primarily focused on providing a survey of creep
testing as it relates to methods, procedure, and test conditions for composites. A discussion
of basic creep mechanics in polymers will be made. The focus will then shift to creep testing
methods and procedure. The chapter will complete with a brief discussion of test condition

selection for creep testing.

CreepMechanics

Creep can be de ned as the time dependent viscoelastic deformation of a material
when subjected to a constant stress [6, 32, 34]. Fiber in a FRP is considered linear elastic.
Polymer matrices can generally be described as viscoelastic. [30, 34]. Within polymers,

viscoelasticity is primarily depended on the mobility of long chains of molecules in the
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material. A basic illustration of four types of polymer chains can be seen in Figure 2.2.
Chains can be described as linear, branched, cross-linked, and networked [4]. They are
denoted by (a), (b), (c), and (d) respectively in Figure 2.2. Polymer chains are largely
entangled with one another when observed in place. When a specimen is loaded, polymer
chains present begin to straighten out. Straightening out can cause slip relative to adjacent
chains resulting in deformation [29, 34]. Within FRPs, the properties of the polymer matrix
utilized are a primary driver of the viscoelastic response of the composite [29{32]. Several
other primary factors drive the creep response of ber reinforced polymer composites. These
factors are temperature, duration of loading, and applied stress level [4, 6, 9, 29{35]. Also
of consideration is the laminate material, reinforcement and matrix, as well as laminate ply

orientation [8, 30, 31, 33{35].

Figure 2.2: lllustrations of commonly found polymer chains. Shown are a) linear, b)
branched, c) crosslinked, and d) networked [4].
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Creep Testing Methods

Data on the viscoelastic response of a material can be obtained through a creep test.
In the following review "creep test" is used to refer solely to a tensile creep test. The
discussion thereafter will only refer to this kind of test. In a tensile creep test a material
specimen is loaded uni-axially by a machine so as to induce a desired stress state in the
specimen. The stress state is kept constant for the duration of the test. Deformation is
recorded in the form of strain against time. Duration of a creep test is arbitrary and up
to the experimentalist. Generally, the duration of creep tests fall under three categories:
momentary creep, short-term creep, and long-term creep. The general classi cations of
creep duration will be discussed later in this chapter.

No de ned standard exists for the dimensions of coupons for tensile creep testing. If
a standard was referenced, it was related to a tensile testing standard such as American
Society for Testing and Materials ASTM D3039 and Deutsches Institut far Normung (DIN)
International Standards Organization (ISO) 3167 in Papanicolaoet al. [34] and Fliegener
and Hohe [33]. An example of a standard tensile sample used in ASTM D3039 can be seen
in Figure 2.3.

A review of the literature suggest the following trends with regard to coupon geometry.
Overall, coupon length was between 100mm and 200mm. Gage width was between 10mm and
15mm. Thickness was between 1mm and 3mm. While the dimension of coupons generally
t within this window there were certain outliers found in the review completed. Examples
can be seen in Tuttle and Brinson [31] and Mohan and Adams [30] who tested coupons of
330mm and 64mm in length respectively. Coupon geometries found are summarized in Table
2.1 below. It should be noted that select literature chose to tab the end of their coupons.
Tabbing was typically berglass or thermoplastic [9, 34]. However, low carbon steel was also

utilized [35].
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Figure 2.3: An engineering drawing describing the basic geometry of an ASTM D3039 tensile
coupon. The drawing shown is given in metric tolerances. Speci ¢ dimensions are dependent
on the laminate orientation to be tested [5].

Reference Length (mm) | Width (mm) | Thickness (mm)
Daniel et al [6] 114 12.7 3.15

Tuttle and Brinson [31] | 180 to 330 13 1

Mohan and Adams [30] | 64 12.5 2.5

Hu [8] 229 25.4 2

Fliegener and Hohe [33] | 170 10 1,3, and 4.5
Papanicolaou [34] 250 25 3

Sullivan [29] 150 13 3

Katouzian and Vlase [32] | 150 10 1

Raghavan and Meshii [35] 165 12.7 N/A
Katouzian et al [9] 150 10 3and 4

Table 2.1: Summary of Tensile Creep Specimen Dimensions
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When conducting a creep test it is of primary importance to measure the strain on a test
specimen for later analysis. A common way to measure strain found in literature reviewed
was through a single strain gauge. Strain gauges were adhered to the gauge section surface
of the specimen being tested [6, 8, 31, 35]. A notable exception was Sullivan [29]. Sullivan
chose to instrument his specimens with two strain gauges. One on each side of the gauge
section. An illustration of a strain gauge being used on a unidirectional laminate can be seen
in Figure 2.4 from Danielet al. [6]. Figure 2.5 shows a common linear strain gauge adhered
to a metallic specimen [7]. Temperature compensation was obtained through a dummy strain
gauge. Dummy gauges were typically adhered to an unloaded control sample or material
of similar Coe cient of Thermal Expansion (CTE) to the test coupon [6, 8, 29, 31, 35].
Another method commonly encountered to measure strain was an through an extensometer.
Extensometers were attached to the test specimen gauge section [9, 30, 33]. The most novel
method of strain measurement was through the use of a diode laser in Papanicolabal.

[34]. No other information is given beyond a statement of its use.

Figure 2.4: A cross section of a unidirectional laminate showing the placement of a strain
gauge on the surface of the sample from Daniet al. [6].

To obtain realistic creep deformation data a constant load must be applied throughout

a test. In conjunction, a test specimen must be secured for loading in such a way that it
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Figure 2.5: Common linear strain gauge adhered to a metallic specimen [7].

does not slip over time and skew collected data. Upon review, the most common method
of constant load application was through the use of a lever arm creep testing machine [8,
9, 29, 31, 32, 34, 35]. A lever arm creep testing machine uses a calibrated arm of speci ed
length to magnify a dead-weight load placed on one end, into the desired load on a sample
[9]. Numerous manufacturers exist with varying lever arm ratios employed [8, 29, 31, 34, 35].
A schematic of the lever arm machine setup used in Hu [8] can be seen in Figure 2.6. Two
other methods were speci ed for constant loading of specimen. These were the dead-weight
loading setup of Danielet al. [6] and stepper motor driven ball screw load frame of Mohan
and Adams [30].

Grips utilized for testing, if speci ed, were almost exclusively wedge type [8, 29{32, 35].
An example of wedge grips can be seen in Katouziahal. [9] and can be seen in gure 2.7.

One driving factor of creep deformation is the temperature a ber reinforced polymer
structure is subject to during its service life. Nearly all literature reviewed here used some
variation of oven or environmental chamber to elevate the test specimen to the desired
temperature. A typical heating chamber surrounded the test specimen and grips similar to

that shown in Figure 2.7. The only opening present during testing were those that allowed
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