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Abstract

Composite structures are subjected to multi-axial fatigue loads while in
service. The objective of this thesis is to study the effect of load path
(sequence of application of load) on biaxial fatigue behavior of multi-
directional composites. The fatigue behavior of thin walled [£45]2, graph-
ite fiber composite tube was experimentally studied under uniaxial and
biaxial loading. The sequence of application of, and the phase difference
between the tensile and torsional loads was varied. While an in-phase
torque, superposed on to the tensile load, extended the fatigue life, an out-
of-phase torque, superposed onto the tensile load, reduced the fatigue life,
with respect to uniaxial fatigue life. An out-of-phase torque applied prior
to the tensile load had the most impact on the fatigue life, when compared
to the torque applied after the tensile load. These results establish the

effect of load path on the fatigue life of composites under biaxial loading.
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Chapter 1

Introduction

A composite is made of two or more dissimilar materials. One of the earlier examples
of a composite is bricks, built by mixing straw with mud and baked in the sun. These
early composite bricks were used as a building material. In today’s world, composites
are still used as a building material for beams and walls made with concrete mixed
with long steel rods (rebar). A composite used in engineering applications typically
consists of a matrix and a reinforcement. In the previous examples the fiber would
be the straw or rebar, and the matrix would be the mud or concrete.

Composites can be of four different types: chopped or short fiber composites, con-
tinuous fiber composites, woven fiber composites, and hybrid composites. Chopped
fiber composites are composites where the fiber is short; the fiber length divided
by the fiber diameter is less than 1000. Continuous fiber composites are compos-
ites where the fiber is long; the fiber length divided by the fiber diameter is greater
than 1000. Woven fiber composites are composites where continuous fibers have been
woven together. Hybrid composites are any composites that have been formed by
mixing any two of the previously described composites.

In the case of continuous fiber composites, thin sheets of fibers oriented within a

matrix are stacked together and laminated to get the composite. This study is focused
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on non-woven continuous fiber multidirectional composite laminates. Each individual
sheet is referred to as a ply or lamina. The group of lamina stacked together is called
the laminate. The laminate properties can be tailored by orientating the fibers in
various plies in a specific direction to maximize the load that the fibers share while
the matrix keeps everything together and protects the fibers.

In the aerospace, automotive, and industrial sectors, composites have been made
with a variety of fibers and matrixes. Fibers have been made from glass, carbon,
aramid, ceramics, flax, and hemp. These fibers have been added to a number
of different matrix materials: thermoset resins such as polyester, vinyl ester, and
epoxy; and thermoplastic resins such as polyethylene, polystyrene, polypropylene, and
polyetheretherketone. This study is focused on epoxy resin reinforced with graphite
fibers.

Once a laminate is built it is possible to calculate the strength of the composite
by analyzing the component parts and determining the maximum load that the com-
posite can take without failure. When a load is repeatedly applied, the composite
is said to be under fatigue loading. Calculating the number of loading cycles that it
would take for the composite to fail for a given load amplitude is a difficult task and
has been the basis of study for a number of researchers.

Some of the difficulty that exists with composite components in fatigue service
is the lack of a large fatigue life data and lack of compliant analytical tools for use
in composite fatigue design. The “work around” is to conduct extensive tests and
studies for the particular design that is being evaluated rather than being able to
iterate that design at the drawing board stage. This results in added cost and time
and hinders the ability to harness the potential of composites.

There has been extensive research on composite components subjected to repeated
loading in one direction, or uniaxial loading. The analysis of composites subjected

to multiaxial loading, one or more directions, remains a largely open field. This is
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critically important for composites in the aerospace industry as composites are being
used more in the primary structure where the multiaxial load cycles are observed. As
an example, the Airbus A380 structure is made of 20-30% composite materials by
weight and was the first commercial aircraft to use a carbon fiber reinforced composite
as the material for the aircraft wing box. The wing box is the primary structure that
connects the aircraft’s wings to the fuselage. While the aircraft is in flight, it is
capable of six degrees of freedom and exerts a multiaxial state of stress on the wing
box, and the ground-air-ground cycle that the aircraft goes through results in multiple
components that are under fatigue loading. The various loads can be acting in-phase
or out-of-phase.

There is still extensive research being conducted on the behavior of homogeneous
components such as metals that are subjected to multiaxial cyclic loads. One of
the complexities of performing fatigue analysis of metallic components in the low
cycle fatigue regime is that they are load path dependent at high loads. A material
is load path dependent when the final stress state at a point is dependent on the
magnitude and sequence of load application. In calculating the fatigue life, it is
necessary to account for such factors as whether the loading components are applied
proportionally or non-proportionally and / or whether or not they are applied at the
same time.

Studies on the effect of load path on the fatigue behavior of composites are still
evolving. Wafa[4] and Inoue[5], for example, have reported conflicting results for the
fatigue life of a glass fibre composite under out-of-phase loadings. Quaresimin et al.[§]
in his review paper cites a lack of papers able to draw conclusive statements regarding
the effect of load path on biaxial fatigue.

This thesis will explore the role of load path on the fatigue behavior of carbon fiber
reinforced epoxy composites subjected to biaxial cyclic loading. The investigation will

be aimed at discovering what effects load path has on the damage accumulation, cyclic
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properties, and fatigue life of the composite.

For this purpose, an 8 ply [£45]ss layup of carbon fiber epoxy was selected since
this material is commonly used in aerospace structures. The sample geometry was
chosen to be a thin walled tube, as this allows for comparisons to existing literature.

Static tests to failure and uniaxial fatigue tests to failure will be used to generate
the baseline data in fatigue and failure modes in both tension and torsion.

Biaxial fatigue tests will be conducted using three load paths: tension-torsion
applied proportionally, tension first then torsion, and torsion first then tension. These
loadings are similar to that used by Inoue[5]. However, loading levels over a larger
range will be used to evaluate damage progression in both low and high cycle fatigue.

In Chapter 2, a literature review will be outlined. In Chapter 3, the experimental
procedures will be covered including sample definition, test equipment used, quasi-
static testing procedure, and fatigue test procedure. In Chapter 4, the results of the
testing will be documented and discussed. Finally, in Chapter 5, conclusions based

on the reasons presented in Chapter 6 will be presented.



Chapter 2

Literature Review

In this chapter a review of available literature on the subject of biaxial composite
fatigue is presented. This will serve to identify knowledge gaps that exist in the area
of biaxial fatigue that would serve as the basis for the objectives of this thesis study.

First, two review papers on composite biaxial fatigue research are summarized.
Next, biaxial testing with superimposed loads and out-of-phase loads are reviewed.
Then the prospect of a single theory on fatigue life prediction is discussed. Finally,
this body of knowledge is shown benefit from more research in the area of load path
testing of carbon fiber composites.

There has been a significant amount of research conducted in the area of multiaxial
fatigue of composites and Talreja[l] and Quaresimin et al.[8] provide a good summary
of the current state of research.

Talreja[1] offers a review of his work and involvement in composite fatigue research
spanning the 80s, 90s, and post 2001. The paper is focused on unidirectional external
reversed loads and its effects on the fatigue of composites. It serves well to highlight
the differences in composites fatigue to metal fatigue. The review is biased to the
authors’ work and quotes independent research that supports claims made.

Talreja[l] describes the early years of research in the 80s as misguided by the rules
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of metals. He believed that:

... the absence in polymer matrix composites of crystalline structure and
plasticity should have directed fatigue studies in other directions, such as

focusing on the role of fiber and interface failure.

Talreja[l] quotes Dharan’s[9] 1975 work as influential in progressing the area of re-
search of fatigue in composites. Dharan’s[9] 1975 work clarified the roles of fibers and
matrix, and their interface, in causing composite fatigue.

Attempting to shift studies way from Woéhler (S-N) curves and use Dharan’s[9)

work, Talreja[10] introduces the fatigue life diagram, as shown in Figure 2.1

Figure 2.1: Fatigue life diagram for unidirectional composites for axial tension-tension
loading (Figure 1 from Ref. [1]) — Image removed due to copyright

The life diagrams were intended to be used as a design tool to replace the Wohler
curves. Their usefulness can be seen in understanding the properties of a carbon com-
posite vs. high modulus carbon composite. Figure 2.2 shows that for a high-modulus
carbon-epoxy, Region II, the progressive region of fiber bridging and debonding, is

squeezed out by fibre breakage.
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Figure 2.2: Fatigue life diagram for unidirectional carbon-epoxy (a) and high-modu-
lus carbon-epoxy (b) loaded in cyclic tension along fibers (Figure 2-3 from Ref. [1])
— Image removed due to copyright

Damage in composites following the fracture mechanics based Paris law approach
(developed for metals) was the second area into which Talreja[l] provides insight.
With composites, there generally is not a single crack that causes failure as in metals,
which discredits the Paris law approach. Talreja[l11] in 1985 combined two research
areas to form the basis for the field of continuum damage mechanics(CDM) in com-
posites. Specifically, he used both Aveston et. al’s[12] paper that reviewed why a
single crack could form vs. multiple cracks normal to the fibre; and Krajcinovic’s[13]
work that defined continuum damage mechanics (CDM) for solids, to define CDM for
composites.

Talreja[l] continues to describe advances made in CDM in the 90s and a new
field synergistic damage mechanics (SDM). SDM is CDM using micromechanics to
examine the microstructural damage. It has been noted, however, that solving all
problems of damage with micromechanics is not a realistic proposition[1].

Talreja[1] briefly discusses SDM’s extension into linear and nonlinear viscoelastic
cross ply laminates. He mainly discusses what he envisions for future research in
sustainable development of composites; and that is is for designers and engineers to
take a step back and incorporate environmentally sound practices in their efforts. He

ends the review encouraging environmental responsibility. In short, the central theme
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in the paper is the misguided efforts of researchers to treat composite fatigue as they
previously treated metal fatigue.

Quaresimin et al.[8] highlighted the research associated with the type of multiax-
iality, sample design parameters, and notches.

Quaresimin et al.[8] suggests that two different multiaxial states can be identified:
the local (inherent) multiaxial stress state and the global (external) multiaxiality
meaning the loads are applied in more than one direction. An external loading system
will only yield geometrically identical internal stress state if the two components being
used have the same material and layup. Inherent multiaxial stress state can induced
by a single external load.

Quaresimin et al.[8] defines two multiaxial factors for use in the local multiaxial

stress state. These factors are given as:

02.a
Al = —— 2.1
= (2.1)
06.,a
Ay = —— 2.2
? O1,a ( )

)

Where the terms o , and o3, are the amplitudes of normal stress in the material
1 and 2 direction. The term o, is the amplitude of shear stress in the material 6
direction (the plane of material 1 and 2 direction).

Quaresimin et al.[8] then states that for any two loading cases where A; and A,
are equal then the fatigue results may be considered identical. This statement is to
say that results are independent of the method of loading and depend only on the
local state of stress multiaxiality.

In Quaresimin et al.[8], a phase shift is said to occur if two different systems
are applied to a component that do not share the same starting or ending points in

time. The phase shift is the difference between these two starting, or ending, points.
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Figure 2.3: Phase shift example

A visual of this is shown in Figure 2.3. It is well known that when homogeneous
materials such as metals undergo reversed plastic deformation, their fatigue life is
highly dependent on loading path and therefore phase shift.

Quaresimin et al.[8] cites that there is a lack of experimental results in the litera-
ture to allow for any conclusive statements to be made in regards to the effects of a
phase shift in external loads on the fatigue life of composite materials. Of the papers
available, they show that different materials react differently to a phase shift. Thus,
phase shifting becomes similar to a change in material and layup, and fundamentally
changes the fatigue behavior. This is an area worth further investigation.

Quaresimin et al.[8] takes a large body of testing history, and using the multitude
of applicable failure theories developed, shows that while some provide fair accuracy

there are a number that are unsafe. They state that:

... this put[s] under question the general validity of the models investi-
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gated, highlighting the need of a deeper understanding of damage me-

chanics.

Both of the review papers delve in the history of composite fatigue and conclude
that no one method or model is currently available to describe composite fatigue.
There is a lot of impressive ground work that has been laid out but many areas are
open for exploration. Quaresimin et al.[8] leaves the avenue of load path quite open
in stating that the load path research to date is full of conflicting results and the
studies are not sufficiently broad in their scope.

Operating loads for a flexbeam in a helicopter rotor system requires a member to
act in torsion while under a constant tension load. This loading condition has been
studied by Sen[2] under quasi-static conditions and by Ogasawara[l4, 15, 3] under
cyclic fatigue.

Sen[2] found that the presence of a tensile load (21-24%UTS) increased the tor-
sional rigidity of the system, and the allowable torque to failure of the system for
all laminate configurations examined. The increased rigidity and allowable torque to
failure of the system can be seen in Figure 2.4 and 2.5

Ogasawara|3| also found that the presence of a tensile load increased the torsional
rigidity of the system as shown in Figure 2.6. Under a fatigue load, the CFRP and
GFRP both show a degradation of the torsional rigidity as the number of cycles
increases as shown in Figure 2.7.

In torsional fatigue testing, Ogasawara[3] showed that the addition of a constant
tensile load has a positive benefit to the fatigue lives for the CFRP and GFRP ma-
terials. The CFRP showed a stronger positive reaction to the load as evidenced in
Figure 2.8. It is noted that both the glass and carbon fiber composites used the same
resin system with the carbon fibre composite outperforming the glass fibre composite.
This leads to the conclusion that the carbon fibers in the composite are able to take

more of a load and thus more of the damage of the load during the test. It is this
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Figure 2.4: Comparison of failure torques under torsion and tension-torsion (Figure
6 from Ref. [2]) — Image removed due to copyright

Figure 2.5: Comparison of failure twist angles under torsion and tension-torsion (Fig-
ure 7 from Ref. [2]) — Image removed due to copyright
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Figure 2.6: Torque versus twist angle curves of CFRP and GFRP under a constant
tensile axial load (0, 20 kN) (Figure 3 from Ref. [3]) — Image removed due to
copyright

Figure 2.7: Torque versus twist angle under cyclic torsion fatigue tests (Figure 5 from
Ref. [3]) — Image removed due to copyright
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load shed from the matrix that increases the performance of the composite.

Figure 2.8: Torsional fatigue life of unidirectional CFRP and GFRP under a constant
axial tensile load. Fatigue life is defined as 10% or 20% reduction of torsional rigidity
(Figure 8 from Ref. [3]) — Image removed due to copyright

Out-of-phase loading has been analyzed by Wafa[4] for glass fiber composites in
bending/torsion and shown in Figure 2.9. He found that for high stress levels—thus
low cycle fatigue—out-of-phase loading of glass fibers greatly reduces fatigue life. This
agrees with analysis of metals by Ellyin[16]. Ellyin found that out-of-phase loading

increased damage and reduced fatigue life. Ellyin[16] stated:

This can be attributed to the circular stain path which attempts to

force dislocation movements along all possible crystal slip planes.

Wafa also found that for fatigue life beyond 20,000 cycles, the out-of-phase load-
ing provided an increased life. Wafa commented that this increased life could then
be ignored as it would be conservative to assume in-phase loading. This condition
should be studied in greater detail to remove that conservatism and provide better

life estimates for materials.
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Figure 2.9: Fatigue life curves for glass fiber in bending/torsion (Figure 11 from Ref.
[4]) — Image removed due to copyright

Inoue[5] studied the load path response of glass fiber/vinyl ester resin composite
in low cycle fatigue. Inoue[5] used three different load paths as detailed in Figure
2.10

Inoue[5] stated that:

e No significant effect of loading path on the fatigue life exists.

e The modulus decay in shear with respect to the number of loading cycles is
affected by the loading path while the modulus decay in tension was not signif-

icantly affected

e The models created predicted that as the damage progressed that strains in
unloaded directions would appear. These strains were attributed to matrix

cracking damage.

This result differs greatly from the research of Wafa[4] in 1997 where it was found

that out-of-phase loading greatly reduced the fatigue life. It is noted that the matrix
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Figure 2.10: Three types of cyclic load path (Figure 2 from Ref. [5]) — Image removed
due to copyright

material used by Wafa[4] was polyester and Inoue[5] used vinyl ester. While Inouel5]
found that the fatigue life was not affected by load path in low cycle fatigue, the
extension of this conclusion to high cycle fatigue remains unanswered.

Inoue[5] refers to peculiarities observed in the tensile or shear strain as the one
load is applied or removed. This multiaxial stress state is expected in a non-isotropic
material that is under a load; however, the variations in this behavior led Inoue to
conclude that structural inhomogeneity and internal damage of the material might
have caused these phenomena.

This is in agreement with the comments later made by Quaresimin et al.[8] and
Talreja[l] that inconclusive results were obtained when conducting research in this
area.

The prediction of cycles to failure of the composite laminate through the under-
standing of the effects of the load history on the material properties or damage is the

ultimate goal of biaxial fatigue research. The prediction of failure has been based on
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multiple methods including: extending polynomial failure theories for static failure
to fatigue[17, 4, 18], strain energy[19, 20], and damage mechanics[21, 22, 23], to name

a few. Yet Amijima et al.[24] reported that:

...in certain conditions, the failure surface in the multiaxial stress state

at a given cycle is not proportional to the static one. ..

This observation demands that to be able to reliably predict failure, one must
understand the mechanisms of failure occurring to validate that assumptions used in
the failure theory would adequately extend to many different cases. This statement

has been made by Talraja[l] in 2000:

The only rational way forward for developing predictive criteria of general

validity is to base these on systematic studies of damage mechanisms

2.1 Summary of Literature Review and Thesis Ob-
jectives

The review presented above suggests that the past work on multiaxial fatigue is
limited. Within this body of published literature, studies on the effect of load path
are limited further. These few studies present conflicting conclusions on the effect of
load path on fatigue life of structural composites. Further investigation is required
to delineate the effect of load path on fatigue behavior in both low cycle fatigue
(high stress amplitude) as well as high cycle fatigue (low stress amplitude) regions.
Further, insight into damage development during multiaxial fatigue and mechanisms
that result in these damages is required in order to reliably develop models to predict
fatigue stress or life of structural composites under multi-axial loading conditions

encountered during service. Hence, the objectives of this thesis are:
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(a) To experimentally study the effect of load path on biaxial fatigue behavior of a

graphite fiber reinforced epoxy composite

(b) Experimentally study the uniaxial fatigue of this composite to generate baseline

data to evaluate the biaxial data

(c) To experimentally study the various damage modes that develop during fatigue

and its effect of material properties

(d) Use (b) and (c) along with (a) to evaluate the effect of load path on biaxial

fatigue.



Chapter 3

Experimental Details

The experiments performed to meet the objectives of this work are described in this
chapter. The samples that were manufactured for the experiments are described in
Section 3.1. A list and description of the equipment used are detailed in Section 3.2.

Finally, Section 3.3 describes the tests that were performed.

3.1 Samples

This section describes the samples used for the fatigue tests discussed in Section 3.3.
The choice of layup is described in Section 3.1.1, followed by the sample geometry in
Section 3.1.3. The material and manufacturing method is described in Sections 3.1.2

and 3.1.4 respectively.

3.1.1 Laminate Layup

The layup choice for a composite heavily influences its properties. One of the main
attractions of a composite is the ability to tailor the properties to meet the design
requirements. For example, running the fibers in the direction of the maximum load

will allow the designer to maximize the strength in that direction. A layup sequence of

18
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[0\90]s, known as a cross-ply layup, is useful for loadings that are longitudinally and
transversely dominated. A layup sequence of [+45];, known as an angle-ply layup, is
useful for loadings that are shear dominated.

A majority of previous multiaxial fatigue studies have focused on[0\90], [24, 25, 7,
17, 23, 21, 4]. The [£45]; laminate use is limited [26, 27, 28, 21, 4]. However, [£45],
plies are part of quasi-isotropic laminates widely used in aerospace application. Hence,

[£45]4s laminate was chosen for the experimental samples.

3.1.2 Material

Prepregs made up of high modulus carbon fibers and Newport 301 resin were used
to manufacture the [0]s, [90]16, and [0\90]¢s plates, as well as the [£45]45 tubes. The
properties of the lamina were provided by the material supplier and are tabulated in

Table 3.1.

ST 2920. MPa
Sy -1340.  MPa
S 60.  MPa
S, -169.  MPa
S 70.1  MPa
St -70.1  MPa
E, 228 GPa

EQ 7.2 GPa
G12 3.52 GPa
V12 .3

Table 3.1: Properties of lamina made up of Grafil Inc. Pyrofil™ HR40 12K carbon
fibers and Newport 301 resin

3.1.3 Geometry

One common geometry used in multiaxial fatigue is tubular geometry. Some selected
geometries that have been used in previous studies on biaxial fatigue are shown in

Table 3.2. Based on these studies, the dimensions of the tubes used in this work are
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Author | Sample

Wafal[4]

Fujii[5]

Fujii[7]

Table 3.2: Sample geometries used in previous studies (Figure 2 of Ref. [4], Figure 1
of Ref. [5], and Figure 1 of Ref. [7]) — Images removed due to copyright

shown in Figure 3.1.

The sizing of the tube was based on previous studies and the assumptions used
in those designs were quoted as being based on Vicario et al.[29]. Vicario et al.[29]
stated that tube designs for testing should maintain /D > 3 and ¢/D < 0.05. This
thesis exceeds those guidelines and maintains [/D = 4.9 > 3 and t/D = .024 < 0.05.

Pagano[30] states in his paper that “One cannot define an acceptable or standard
value of % which is sufficiently general to encompass all anisotropic materials and

orientations without stipulating the desired degree of precision. However. . .it appears
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Figure 3.1: Biaxial fatigue test sample (dimensions shown in millimeters)
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Figure 3.2: [0]s samples used in tension testing to measure longitudinal properties

that a conservative estimate of specimen length L is given by L = 4R + [ where [ is
the desired gage length.”

This thesis exceeds that guideline and maintains a specimen length of L = 5.8 R+I.
These relations for length were experimentally derived to ensure that end effects are
eliminated in the gage section. This will be discussed in Chapter 4.

Lamina properties were measured in accordance with the American Society of
Testing and Materials (ASTM) specifications for tension, ASTM D3039[31], and
shear, ASTM D7078[6]. The dimensions of the samples used in measuring lamina

properties testing are given in Figures 3.2-3.4.
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Figure 3.3: [90];6 samples used in tension testing to measure transverse properties
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Figure 3.4: [0\90]4s sample used in shear testing to measure the in-plane shear prop-

erties
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3.1.4 Manufacture

Innovative Composites Engineering (ICE) was selected to manufacture the samples
following a competitive solicitation for bids. ICE is an ISO9001 certified company
based in White Salmon, Washington that was founded in 1989 and manufactures
composite tubes and shapes for the aerospace, industrial, automotive, recreational,
defense and oil & gas industries[32].

The composite samples were manufactured by roll wrapping. Roll wrapping the
[£45]95 composite tube was achieved by wrapping the Grafil unidirectional fibers at
a 145 degree angle around a slightly tapered mandrel. At specific intervals along
the length of the mandrel a carbon fibre weave was rolled on to serve as filler for the
grip section. This layup was then covered with a breather cloth, vacuum bagged and
placed in an autoclave. The cure cycle used was 345 kPa pressure at 135°C' for 60
minutes. Once cured, the mandrel was removed, the resulting tube ends squared off,
and the tube was sectioned into individual samples.

The original process for this called for grinding the samples to achieve the proper
dimensions and ply count needed. Following a miscalculation of the ply count in the
layup, the samples were further machined at the University of Manitoba machine
shop by lathe, machining the inside and outside diameter to achieve the dimensions
shown in Figure 3.1 and a ply count of 8.

Hand laid panels of unidirectional lamina [0]s and [90];6 were cured in a platen
press and supplied by ICE. Sample ends were bonded with tabs made of a woven
carbon fibre composite using 3m Scotch-Weld structural adhesive film AF-31 (10 mil
thick) and cured in a platen press. The Wabash model number 350-H24-CLX platen
press at the University of Manitoba was used. Tensile test samples, shown in Figures
3.2 and 3.2, were cut using a Micro-Matic precision wafering machine at the University
of Manitoba.

A hand laid panel of unidirectional lamina [+45]gs was cured in a platen press
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supplied by ICE. Shear test samples, shown in Figure 3.4, were cut by the Composite
Innovation Centre at a 45 degree angle from the sheet to get [0\90]ss laminates. The
samples were cut using diamond edge tooling in a computer numeric controlled 3-axis
milling machine.

All of the test specimens that were used are documented in Table 3.3.

Quasi-static Tests

Load Specimen Specimen Number of Properties
Type Type Details  Specimens Measured
Uniaxial Lamina [0]s 5 o' Ey, vig
Uniaxial Lamina [90]16 5 o N N
Uniaxial Lamina [0/90]6s 5 715", Gy
Uniaxial Laminate tube  [£45], 1 o, By Vay
Uniaxial Laminate tube  [£45]as 1 Ton'®s Gay
Biaxial Laminate tube  [£45]ss 2 Tput® T
Fatigue Tests
Load Specimen Specimen Number of Properties
Type Type Details  Specimens Measured
Type IV (uniaxial) Laminate tube  [£45]as 3 N
Type V (uniaxial) Laminate tube  [£45]qs 3 N
Type I (biaxial)  Laminate tube  [£45]o, 4 N
Type II (biaxial) Laminate tube  [£45]ss 4 N
Type III (biaxial) Laminate tube  [£45]os 5 N

Table 3.3: List of all samples used

3.2 Test Equipment

The various pieces of equipment used during the static and fatigue testing included
an Instron 8822 biaxial load frame, Instron Fast Track 8800 materials test control
system, Vishay S7000 data acquisition system (DAQ), and GOM Aramis digital image
correlation system. The tests were conducted at the University of Manitoba. Details

of each piece of equipment are given in the following sub-sections.
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3.2.1 Load Frames

Three different load frames were used in this investigation. These included the Instron

5500R, Instron 8562, and Instron 8822, each as described below:

Instron 5500R Load Frame

Static tests, to determine lamina properties, were carried out on an Instron 5550R
screw driven load frame. The Instron 5500R was interfaced with a personal computer
running Instron’s Bluehill software version 2.5 software. The Instron 5500R was
equipped with a +25 kN load cell. The Instron 5500R was equipped with mechanical
wedge grips for clamping flat specimens.

The Bluehill software is capable of data collection and can store positional and

load data of the cross-head.

Instron 8562 Load Frame

Static tests to determine lamina properties were carried out on a Instron 8562 servo-
electric load frame, shown in Figure 3.5. The Instron 8562 was interfaced only by a
man-machine interface (MMI) panel. The Instron 8562 was equipped with a £25 kN
load cell, and with mechanical wedge grips for clamping flat specimens.

The Vishay S7000 DAQ), discussed in Section 3.2.2, was used in conjunction with

this load frame during testing for data acquisition.

Instron 8822 Load Frame and Test Fixture

The fatigue tests were performed using an Instron 8822 servo hydraulic load frame
controlled by an 8800 materials test system controller[33]. The Instron 8822 load
frame had collet style grips that accepted a 1 inch diameter post and clamped using

hydraulic grips. The system was capable of £250 kN axial force and +2.5 kN - m
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Figure 3.5: Instron 8562 servo-electric load frame

rotational force. While the collet grips could be used over the full range of the axial
force, they were rated for +2 kN - m rotational force.

The 8800 material test system could be interfaced using either man-machine in-
terface (MMI) panels or an attached personal computer running the Fast Track 2
materials test software[34]. The MMI panels were used for shear testing lamina prop-
erties, and static testing the laminate properties. The Fast Track 2 software module
‘simple fatigue - MAX’ was used for the fatigue testing as specific wave form genera-
tion was required, and data collection could be completed by the software. Also, the
Fast Track 2 software system greatly automated the loop tuning process for deter-
mining the required proportional, derivative, integral gain, and lag required by the
controller.

A custom fixture, shown in Figure 3.6, was used for shear testing. The fixture
was equipped with an Instron D style connector that required the use of an adapter
to switch from the Instron D connector to a 1 inch post to enable clamping by the

Instron 8822 load frame.
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Figure 3.6: ASTM-D-7078 shear test fixture

As described in Section 3.1.3, the fatigue sample had an outside diameter of
53 mm, whereas the collet grips of the Instron could accommodate a maximum
25.4 mm (1 inch) cylinder. This necessitated the design of holding fixture to clamp
the sample and mate with the load frame.

The first design iteration of the specimen holding fixture was as shown in Figure
3.7. This fixture was machined out of solid stainless steel (17-7 PH condition H1150).
The stainless steel was selected as it is a high strength metal with excellent fatigue
resistance. The fixture was designed to hold the specimen with side pressure to keep
the clamps out of the loading path to guard against loss of clamping fatigue cycles.
The center plug was aligned via a pin in the base to keep the sample axially aligned
with the Instron.

After a few tests on samples (not included in this thesis) the fixture was slightly
redesigned with reinforcing side walls, shown in Figure 3.8. These walls still allowed

for specimen loading and unloading and reduced fixture movement that was occurring
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Figure 3.8: As built specimen holding fixture

at the top of the fixture, resulting in uneven clamping pressure and sample movement.
The side walls also allowed for easier shimming during sample loading to keep the

specimen properly aligned in the Instron.

3.2.2 Strain Measurement
ARAMIS System

The ARAMIS system is produced and maintained by Gesellschaft fiir Optische Mess-
technik mit beschrankter Haftung (GOM mbH). The GOM mbH web-site[35] de-
scribes the ARAMIS system as:

ARAMIS is a non-contact and material independent measuring system

providing, for static or dynamically loaded test objects, accurate:

e 3D surface coordinates

e 3D displacements and velocities
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Figure 3.9: ARAMIS Camera Set-up
(showing supplemental lights required
with sample loaded in Instron 8822
load frame)

e Surface strain field values

e Strain rates

The ARAMIS cameras are shown in Figure 3.9. The system works by taking a
pair of stereo images of the target object after the object has been painted white and
sprayed with a black stochastic dot pattern. The system is then able to map the dot
pattern and track the relative movements of the dots and thus map a strain field on

the object without having to contact the surface.

Vishay S7000 DAQ

The Vishay S7000 DAQ, shown in Figure 3.10, is capable of logging: high level inputs,
+10 Volts; strain gages, with automatic bridge completion of quarter, half, and full
bridges for 120, 350, and 10002 strain gages; and thermocouple inputs. Each input
type is capable of measuring eight (8) inputs, each at a rate of 10-2048 Hz.

The high level input card was used to measure the output of linear and rotary

position, and linear and rotary force from the Instron 8800 controller. The Instron
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Figure 3.10: Vishay S7000 DAQ

8800 controller was set to track those values and output a +10 Volt signal to the
Vishay S7000.

The strain gage card was used to measure the values of strain on the samples using
a strain gage rosette. A Vishay Micro-Measurements C2A-06-125LR-350 3 element
strain gage rosette was used. This strain gage is a 350¢) resistance gage with an
active length of ! /g inch. Samples were monitored using a bridge excitation of 1 Volt.
Previous experimentation with this material and strain gage have demonstrated stable
measurements with 1 Volt after 1 hour of sampling to allow for strain gage heating
effects. A bridge excitation of 2 Volts, the next selectable step, displayed a steady
strain increase of 11 microstrain/hour over an 8 hour period with the strain still
increasing after sampling for 19 hours.

The thermocouple card was used to measure the values of temperature of the lab
and sample using a J type thermocouple. The temperature of both the lab and sample
were measured to ensure that the sample temperature did not rise significantly above

the lab temperature.
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3.3 Test Procedure

The procedures followed for performing testing are documented below. The quasi-
static testing performed to determine the lamina properties is described in Section
3.3.1. These properties include ultimate strength and modulus in the longitudinal,
transverse, and shear directions. Then, the quasi-static testing, to determine proper-
ties of the laminate, are described in Section 3.3.2. Finally, the uniaxial and biaxial
fatigue tests conducted to meet the objectives of this work are described in Section

3.3.3.

3.3.1 Quasi-Static Testing

The mechanical properties of the lamina provided by the material supplier are tabu-
lated in Table 3.1. Testing to confirm these properties were conducted. The longitu-
dinal, transverse, and shear properties are documented in the following sub-sections.
The longitudinal properties were measured in a direction parallel to the fiber axis
(1-direction in Figure 3.11). The transverse properties were measured perpendicu-
lar to the fiber axis (2-direction in Figure 3.11). Shear properties were measured in

response to the shear forces applied in the 1-2 plane.

Figure 3.11: Lamina coordinate system
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Longitudinal Lamina Properties

The longitudinal properties of the lamina were obtained by testing five [0]g samples,
shown in Figure 3.2, in accordance with American Society of Testing and Materials
(ASTM) Standard ASTM-D-3039[31], Standard Test Method for Tensile Properties
of Polymer Matrix Composite Materials, using the Instron 8562 load frame. Spec-
imen testing was in accordance with ASTM-D-3039[31] procedures except that all
specimens were unconditioned. It should be noted that the specimens were stored
and tested at room temperature.

The samples were instrumented with C2A-06-125LR-350 strain gages to record the
sample strains. The strains, load frame force, and load frame position were collected
by the Vishay S7000 DAQ. All the specimens’ dimensions of width, thickness, and
length were recorded. Specimens were then loaded using wedge grips taking care to

align the sample edge with the grips to ensure proper loading in the test direction.

5 millimeters
: minute

The loading was applied a rate of 1 to achieve sample failure within the

recommended 1-10 minutes.

Transverse Lamina Properties

The transverse properties of the lamina were obtained by testing five [90];4 samples,
shown in Figure 3.3 in accordance with ASTM-D-3039[31] using the Instron 5500R
load frame. Specimen testing was in accordance with ASTM-D-3039[31] procedures
except that all specimens were unconditioned. Specimens were stored and tested at
room temperature.

The samples were instrumented with C2A-06-125LR-350 strain gages to record the
sample strains. The strains, load frame force, and load frame position were collected
by the Vishay S7000 DAQ. All the specimens’ dimensions of width, thickness, and
length were recorded. Specimens were then loaded using wedge grips taking care to

align the sample edge with the grips to ensure proper loading in the test direction.
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3 millimeters

nEes to achieve sample failure within the

The loading was applied a rate of 0

recommended 1-10 minutes.

Shear Lamina Properties

The shear properties of the lamina were obtained by testing five [0\90]gs samples,
shown in Figure 3.4, in accordance with ASTM-D-7078[6], Standard Test Method for
Shear Properties of Composite Materials by V-Notched Rail Shear Method, using the
Instron 8822 load frame. Specimen testing was in accordance with ASTM-D-7078]6]
procedures except that all specimens were unconditioned. Specimens were stored and
tested at room temperature.

The samples were instrumented with C2A-06-125LR-350 strain gages to record
the sample strains. The strains, load frame force, and load frame position were
collected by the Vishay S7000 DAQ. All specimen dimensions required were recorded.

Specimens were then loaded in the test fixture using the supplied spacers. The loading

0 millimeters

et to achieve sample failure within the recommended

was applied a rate of 2
1-10 minutes.
The first tested sample instrumented with two strain gages to ensure sample bend-

ing was below the required 3.0%. This sample showed a bending value of 0.38%, hence,

all remaining samples were tested with only one strain gage.

3.3.2 Laminate Properties

The Instron 8822 load frame, described in Section 3.2.1, was used for all quasi-static
laminate testing. These tests were conducted at room temperature. Samples were
bonded with a C2A-06-125LR-350 strain gage to record strains during testing and
to aid in sample loading. Samples were also painted with spray paint to allow for
ARAMIS system data capture.

Three tests were conducted to support the damage evaluation of selected fatigue
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samples. Specifically, a quasi-static tension test to failure, a quasi-static torsion test
to failure, and a quasi-static combined tension-torsion test to failure. The combined
tension-torsion test to failure was conducted at a stress ratio of a = % where « is

defined as the ratio of global tensile stress to global shear stress, see Equation (3.1).

a=— (3.1)

3.3.3 Fatigue Testing

The Instron 8822 load frame and specimen holding fixture, discussed in Section 3.2.1,
was used for all fatigue tests. These tests were conducted at room temperature.
Type J thermocouples were attached to each sample and the load frame to measure
sample temperature and ambient temperature. The thermocouple was attached to
the sample using 3M brand PCT-2M mylar tape and plastic zip ties. Samples were
equipped with C2A-06-125LR-350 strain gages to record strains during testing and
to aid in sample loading. Samples were also painted with spray paint to allow for
ARAMIS system data capture. Tests were conducted at number of different stress
levels to obtain both low and high cycle fatigue data. All fatigue tests were conducted
at a stress ratio, «a, of @ = % where « is defined as the ratio of tensile stress to shear
stress. A test frequency of 3 Hz and a load ratio of R = 0 were used for all fatigue
tests. Three different biaxial load paths, shown in Figure 3.12, were used to evaluate

the effect that load path has on fatigue life.

Type I A biaxial load is proportionally applied to the specimen. Specifically, the
tension and torsion loads are increased simultaneously while maintaining the

stress ratio oo = 3.

Type II A tensile load is first applied and held, the matching torsion load for a stress

ratio of a = 3 is loaded and unloaded, and finally the tensile load is removed.
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T T T

(a) Type I (b) Type II (c) Type III

Figure 3.12: Load Path Visualization for Type I-11I

Biaxial Fatigue Tests

W Jymaz x 100 Type I Type 11 Type 111
75% Sample 12 Sample 21 Sample 23
60% Sample 13 Sample 16 Sample 19
50% Sample 14 Sample 17,25  Sample 18
40% Sample 22,24
33% Sample 1

Table 3.4: Samples Used for Biaxial Fatigue Tests

Type III A torsional load is first applied and held, the matching tension load for

a stress ratio of & = 3 is loaded and unloaded, and finally the torsion load is

removed.

The load paths are the same as those used by Inoue[5]. In addition, samples

were also subjected to uniaxial fatigue to understand the damage progression during

biaxial fatigue.
Type IV Tensile load only is loaded and unloaded.
Type V Torsion load only is loaded and unloaded.

Using the lamina properties given in Section 3.3.2, specimen geometry given in
Section 3.1.3, lamination theory, and maximum stress criterion, loads required for
various failure modes in [+45] and [—45] plies are derived in equations (A-62) - (A-

72) in Appendix. These loads for each failure mode in [+45] and [—45] plies are
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Uniaxial Fatigue Tests
o | ez X 100 Type IV Type V

90% Sample 32
80% Sample 31
75% Sample 29 Sample 28
60% Sample 30
50% Sample 27

Table 3.5: Samples Used for Uniaxial Fatigue Tests

01‘3[451 Y czT [4ﬂ-ﬂ—c1°[45]
o [M5]  Ya — o[45]
o 45 T o, [45]

Torque (kN-m)

7 [ AP R PRI M 1] PP R R S
-800 -600 -400 -200 0 200 400 600 80O

Axial Load (kN)

Figure 3.13: Failure envelope for first ply failure

represented by lines in Figure 3.13. The loads correspond to the values of global
axial and torsional loads applied to the tube that would cause the stresses in the
material coordinates to exceed the allowable and result in corresponding failure. The
various failure modes are longitudinal compressive failure if o¢ is exceeded, longitu-
dinal tensile failure if o7 is exceeded, transverse compressive failure if 0§’ is exceeded,
transverse tensile failure if o is exceeded, positive shear failure if 77} is exceeded,

and negative shear failure if 75 is exceeded.



CHAPTER 3. EXPERIMENTAL DETAILS 38

o, 45T "o, [48T T o © [-45]
- uiT [4s] T, —— U1T [-45]
— !:s: 451 — -, —— -;sf [45]

10

R
— T

Torque {kMN-m)

Axial Load (kN)

Figure 3.14: Failure envelope for first ply failure denoted ABCD

Intersection of various lines define the failure envelope for first ply failure, ABCD,
shown in Figure 3.14

It can be inferred that the first ply failure is predicted to be by in-plane shear
during axial loading and longitudinal compressive failure during torsional loading.
Both are possible under biaxial loading depending on the a defined previously. The
failure envelope, ABCD, identifies the load space within which no failure will occur.
Some fatigue tests were done at loads within this envelope. Other loads were chosen
beyond this envelope; this means samples developed damage during the first fatigue
cycle, which grew in size and number during the subsequent cycles leading to final
failure.

The load levels used in biaxial and uniaxial fatigue testing are tabulated in Tables
3.4 and 3.5 respectively. All tests were done at an R ( 0yin/0maz) of 0. The load

paths for uniaxial and biaxial testing are shown by arrows in Figure 3.14.



Chapter 4

Results and Discussion

In this chapter the results of testing described in Section 3.3 are presented and dis-
cussed. Initially, the static test results for lamina properties are presented and dis-
cussed in Section 4.1. Next, the effects of clamped end constraints and specimen
geometry on the test results are presented in Section 4.2 to confirm the validity of
test results obtained using the tube geometry. In Section 4.3, the results of the
quasi-static test on the [+45]5s laminate tubes are presented and discussed. An in-
cremental analysis using lamination theory and the lamina properties, mentioned in
Section 4.1, is presented to explain the non-linearity observed in the quasi-static test
results. Subsequently, uniaxial fatigue data are presented and discussed. Finally,
multiaxial fatigue data are presented and discussed to delineate the effect of load

path on multiaxial fatigue of multidirectional laminates.

4.1 Lamina Properties

This section details the test results for lamina properties. These properties were
used to determine the laminate modulus and stress-strain curves, which in turn were
compared with experimental results to delineate (i) the effect of specimen geometry on

measured laminate properties and (ii) the effect of damage evolution on the observed

39
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non-linearity in the stress-strain curves.

4.1.1 Longitudinal Lamina Properties

The longitudinal properties were determined by testing five (5) [0]g samples in accor-
dance with ASTM-D-3039[31]. The results of these tests include the ultimate tensile
strength in the fiber direction, o"**, Young’s Modulus in the fiber direction, F;, and
Poisson’s Ratio in the 1-2 plane, v15 which are tabulated in Table 4.1. The average
value of Young’s Modulus, denoted E™*", was found to be 210 GPa with a standard
deviation, S,_1 of 22 GPa for a coefficient of variation (CV) of 10%. This value is
lower than the values provided by the manufacturer in Table 3.1 by 8%; however, it
is within the standard deviation. The modulus varied by a large magnitude, from
177-233 GPa. Since the longitudinal modulus would decrease rapidly if the load axis
is off-set with respect to fiber axis even by few degrees (instead of being zero), error in
manufacturing [0] test specimens is believed to be the reason for the observed scatter.
The increase in strength with increase in modulus, observed in Table 4.1, confirms
this reasoning. The average strength value oy of 2746 MPa is lower than the reported

value by 6%. The average Poisson’s ratio, v, is 0.28.

Longitudinal Strength Longitudinal Modulus Poisson’s Ratio

Specimen o' (MPa) E, (GPa) V12
S1 2235 177 282

52 2787 215 .246

S3 2992 225 294

S4 2472 202 .280

SH 3245 233 312
Mean 2764 210 283
Sn_1 402 22 .024
% 15% 10% 9%

Table 4.1: Lamina longitudinal properties
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4.1.2 Transverse Lamina Properties

The transverse Young’s modulus Ey was determined by testing five (5) [90]16 samples
in accordance with ASTM-D-3039[31]. The results of these tests include the ultimate
tensile strength perpendicular to the fiber direction, ¢3**, the transverse Young’s
Modulus perpendicular to the fiber direction, Ey; and the Poisson’s ratio in the 2-
1 plane, 15, which are tabulated in Table 4.2. The average value of the Young’s
Modulus, denoted E™*" is found to be 8.01 GPa with a standard deviation, S,,_; of
1.09 GPa for a coefficient of variation, CV, of 14%. This value is higher than that
reported in Table 3.1 by 11% but is within the standard deviation. The scatter within
reported values is attributed to the misalignment of fibers while cutting the samples,
as mentioned in Section 4.1.1.

The average transverse tensile strength and Poisson’s ratio, 15, are 43.5 MPa and
.013 respectively. Specimen S5 yielded a strength that was much lower than the values
obtained using other samples. Since transverse strength is affected significantly by
any edge defects introduced during specimen preparation, the lower strength of Sb
was believed to be due to manufacturing defects. Hence, the strength of S5 was not

included in determining the average strength.

Transverse Strength Transverse Modulus Poisson’s Ratio

Specimen oy (MPa) E> (GPa) Vo
S1 51.2 7.46 013

52 45.9 7.40 012

S3 36.9 6.98 .015

S4 39.9 8.54 013
SH* 24.9 9.67 .005
Mean 43.5 8.01 013
Sn—1 6.4 1.09 .001
cv 15% 14% 9%

*Not included in population statistics

Table 4.2: Lamina transverse properties
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4.1.3 Lamina Shear Properties

The in-plane shear properties were determined by testing five (5) [0/90]gs samples per
ASTM-D-7078MO05 [6]. A representative shear stress-strain result in shown in Figure
4.1. The curve exhibits a drop at 2.5% engineering strain and the stress and strain
corresponding to this drop are taken to be the values corresponding to fracture, as
per ASTM-D-7078MO05. The data beyond this point is due to reorientation of fibers
and is neglected as per the ASTM-D-7078MO05. Considering the data until the point
of drop in stress, it can be inferred that the lamina exhibit a substantial non-linearity

under shear than under tension, which is expected.

100
80+ b
0
3 60 t Sample Failure 1
5 <
o
2
((I__) 40+ _
20} .
O 1 1 1
0 5 10 15 20

Engineering Strain
(percent strain)

Figure 4.1: 7 vs. v for Sample 5 of ASTM-D-7078 [6] testing

Sample S3 was evaluated for percent twist as recommended in Paragraph 6.3 of

ASTM-D-7078MO05[6] using Equation 4.1
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Percent Twist S3 =|(G, — Gb) /(G4 + Gb)| x 100
—|(3.60 — 3.57)/(3.60 + 3.57)| x 100 (4.1)

=0.37%,

where G, is the shear modulus calculated using strain gages on the front side of the
sample and Gy, is the shear modulus calculated using strain gages on the back side
of the sample. The percent twist of the sample is a measure of how much twist is
occurring during the test and is an indicator of damage to fixture, misalignment of
the load frame, or improperly manufactured samples.

The value of percent twist from Sample S3 was below the recommended 3% and
thus the remaining samples were evaluated using strain gages on one side of the test
specimen.

The average value of shear modulus, G"™*", was found to be 3.49 GPa with a
standard deviation, S,_; of 0.13 GPa for a coefficient of variation, CV, of 3.9%.
The material property datasheet for this material did not list an expected G2 and
thus this value was compared to the shear modulus of another carbon fiber epoxy
composite from MIL-HDBK-17[36], which list values for G5 ranging from 3.4 GPa

to 6.5 GPa. This material is within the range of possible values at the lower end of

Specimen 749 Gy
S1 70.6  3.60

S2 68.7 3.60

S3 68.3 3.27

S4 72.0 3.48

S5 70.8 3.49
Mean 70.1  3.49
S, 15 013
cv 2.2%  3.9%

Table 4.3: Lamina Shear Values
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the spectrum.

4.2 End Effects and Design Parameters

The multidirectional laminate was tested in tubular form and steel plugs were used to
prevent crushing the ends during gripping. The effect of the specimen geometry and
end constraints on the accuracy of the test results are discussed first before presenting

the test results for quasi-static testing under tension and torsion.

4.2.1 Effect of Specimen Geometry and Clamped End Con-

straints

A symmetric and balanced laminate such as the one used in this thesis, [£45]ss, would
not exhibit any coupling between in-plane and out-of-plane stress/strain components
if flat specimen geometry used. However, a tubular geometry would show coupling
since the axis of the tube is not co-incident with the neutral axis of the laminate.
Herakovich[37] calculates the magnitude of this coupling to be minimal. Vicario and
Rizzo[29] state that tube designs for testing should maintain /D > 3 and ¢/D < 0.05.
This thesis exceeds those guidelines and maintains {/D = 4.9 > 3 and t/D = .024 <
0.05.

Steel plug inserts were used at either ends of the tubes during testing to prevent
crushing of hollow tubes during clamping. However, these plugs constrained the
Poisson’s contraction of the tubes at the clamped ends. Although the thickness of
the laminate at the clamped ends was higher than the gage section to minimize the
stress at the clamped ends, the above-mentioned constraint to Poisson’s contraction
introduced a gradient in gage-section strains.

The variation in transverse (e,) and longitudinal (e,) strains was measured using

ARAMIS, and is shown in Figures 4.2 and 4.3 respectively.It can be observed that the
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Figure 4.2: Distribution in €, along the gage length of the test specimen at various
times during quasi-static loading
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Figure 4.3: Distribution in ¢, along the gage length of the test specimen at various
times during quasi-static loading
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strains are maximum at the center of the gage section and minimum at the ends of the
gage section. The difference between the maximum and minimum strains increased
with the applied load. It can be inferred that the maximum difference in the strain
along the gage section is about 15% for longitudinal strain and 18% for transverse
strain. The maximum strain was also observed to be constant along 15-20 mm of the
gage section at the center and hence the strain at the center of the gage section was
used in determining the modulus of the laminate.

Whitney, Grimes, and Francis[38] investigated what effects the end attachment

has on strength and concluded that:

For angle-ply laminates with a very high effective Poisson’s ratio, the
stress-strain concentration at the gage-section end of the tab does not ap-
pear from the shell analysis to be large, but severe increases are predicted

in the tube under the tab.

The tests conducted in this thesis show peak stresses and failure initiation occur-
ring in the middle of the gage section. This can be seen in Figure 4.4. When tests
have not been stopped immediately following failure and the sample is allowed to
separate in two halves, final failure does occur under the tab (see Sample 16 in Figure
4.4) supporting Whitney’s[38] calculation of a stress-strain concentration. The fact
that Sample 16 begins failure in the gage section is supported by the Aramis image

shown in Figure 4.5.
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Figure 4.4: Samples 16 and 21 showing gage section failure with and without complete
separation

Figure 4.5: Sample 16 showing crack
growth in the gage section during fa-
tigue testing
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4.3 Quasi-Static Test Results

Laminate tubes were subjected to quasi-static loading to failure under tension (Sample
20), torsion (Sample 7) and combined tension and torsion (Samples 9 and 11). Results
of these tests are summarized in Table 4.4 and discussed in detail in the following

sections.

oyy at failure 7., at failure

Sample Type (MPa) (MPa)
9 1 199 67
11 1 242 79
20 4 233 0
7 5 0 325

Table 4.4: Quasi-static test results for laminate tube samples

4.3.1 Tension Test Results

Experimental stress-strain curve for Sample 20 loaded in tension is shown in Figure
4.6. The sample exhibited a transition from linear to non-linear stress-strain around
100 MPa, which can be observed clearly in Figure 4.6. Figure 4.7 shows the ini-
tial portion of the curve where the strain data from four different sensors (Instron
cross-head displacement, ARAMIS, left strain gage, and right strain gage) show good
agreement during the initial loading phase.

This highlights the accuracy of strain measurement using ARAMIS. The strain
gages on both the left and right sides of the sample debonded from the sample beyond
~ 140 M Pa when the strain on the sample exceeded the strain limit for the strain
gages. After 30000 pe, at any given load level, the ARAMIS plot shows higher strain
values than calculated from the cross-head displacement. While ARAMIS determines
the strain from a small computational length (! /g inch) at the center of the sample,
the cross-head displacement strain is averaged over the entire length of the tube. This

is to be expected since a strain gradient was observed, as shown in Figure 4.3, along
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the gage length with the maximum strain at the center of the sample. The averaging
over the entire gage length resulted in a lower strain than in the case of ARAMIS.
Sample 20 reached a maximum normal stress, o,,, of 233 MPa before failure.

The non-linearity observed in Figure 4.6 beyond 130 MPa is due to damage that
develops in the specimen during loading. The first damage mode to develop is matrix
cracking parallel to fibers in the [4+45] and [—45] plies as shown in Figure 4.8(a). This
damage mode develops first in the inner plies and then develops in the outer plies at
load levels closer to the failure load. This damage develops rapidly causing a sudden
increase in strain resulting in the linear - non-linear transition beyond 100 MPa.

The rapid development of strain was captured by the ARAMIS system during
the test. A plot of the global Y direction strain as a function of time for Sample 20
is shown in Figure 4.9, and plot of the global XY direction strain as a function of

time for Sample 20 is shown in Figure 4.10. The plots in Figure 4.9 and 4.10 were

Normal Stress (MPa)
(SN
w
o

= Instron
B Ey = 13.56 GPa — © — Aramis

38 - ERI I Strain Gage (left)
o088 |0 Stralin Gage (right)
. 1 1 1

0 20000 40000 60000 80000 100000 120000 140000 160000
Strain (microstrain)

Figure 4.6: Stress vs. strain plot of Sample 20 loaded in quasi-static tension to failure
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Figure 4.7: Stress vs. strain plot of sample 20 in quasi-static tension until debonding
of the strain gage

(a) Interior Surface (b) Exterior Surface

Figure 4.8: Failure surface of Sample 20
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generated using the strain from a single point on the sample, Stage Point 0, shown
on the right of the figure. The image of the sample on the right of the figure shows
the strain distribution at the end of the test corresponding to the vertical red dashed

line shown in Figures 4.9 and 4.10.

Sample White 20 (quasi-static tensile failure)
148625
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Figure 4.9: Sample 20 €, just before failure during quasi-static tension test
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In order to confirm that the change in the stress-strain curve is due to the damage
and not due to non-linear constitutive behavior of the lamina, the stress-strain curve
of the laminate was predicted. This prediction was done using the lamina elastic
properties assuming no damage through an incremental analysis, and is presented
in Appendix B. The predicted curve is compared with experimental curve with very
good correlation in the linear region. While the predicted longitudinal tensile mod-
ulus of the tube is 13.2 GPa, as per Equation (A.31), the experimental modulus is
13.6 GPa, confirming the accuracy of the prediction. Note that the last predicted
data point in the lamination theory corresponds to the 5% limit imposed by the
ASTM standard on the maximum experimental shear strain obtainable from shear

testing (see paragraph 11.9 of ASTM-D-7078[6]). Substantial deviation of the experi-
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mental curve from the curve predicted using the no-damage assumption confirms that
the non-linearity observed in the experimental stress-strain curve is due to progressive
damage development during loading beyond ~ 100 M Pa.

Beyond ~ 40000 microstrains, the modulus of the stress-strain curve starts to
increase. This is due to the gradual rotation and re-alignment of the fibers along the
test axis, due to progressive damage.

Since the laminate is balanced and symmetric, the tensile load should not intro-
duce shear strain. However, the measured shear strain is observed to fluctuate by
+90 microstrains between 4134 and 4175 seconds in Figure 4.10. This is due to the
coupling between the linear and rotary actuators, which will be discussed in detail
in Section 4.3.2. However, a sharp increase in shear strain is observed beyond 4175
seconds in Figure 4.10 when substantial damage starts to occur. With increasing
damage, localized reorientation of fibers occurs resulting in loss of balanced layup
and shear strain, due to material coupling between the normal load and the shear

strain. The sudden increase in shear strain in Figure 4.10 concomitant with the large
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Figure 4.10: Sample 20 €,, just before failure during quasi-static tension test
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increase in axial strain in Figure 4.9 supports this supposition. Although the symmet-
ric layup precludes any coupling between normal and shear forces and deformation,
the tube geometry used in this study can result in a very weak coupling. However,
the magnitude of strain due to this weak coupling will be negligible compared to the
magnitude observed in Figure 4.14. Hence, the rotation of the fibers due to damage
is believed to be the reason for increase in shear strain and in the axial modulus of
the tube.

Failure of Sample 20 was in the grip section close to the chamfered edge of the
steel plug, as illustrated in Figure 4.11. It should be noted that Figure 4.11 is that
of Sample 9 and shows some delamination which does not occur in Sample 20, as

observed in Figure 4.8 (b).The failure surface showed clean fiber failure, which was

Figure 4.11: Failure completion at the
chamfered end of the steel plug in
Sample 9

not precipitated by any delamination or matrix cracking propagating from the gage
section suggesting a sudden failure. A large acoustic emission (bang) heard during
this failure event supports this conclusion. All specimens loaded in tension failed in
this way. The Poisson’s ratio, v,,, for the tubular laminate specimen is 0.89, which
results in a substantial reduction in the diameter of the sample. Due to the use
of plugs to load the specimens, the tubes were constrained from contracting due to
Poisson’s effect in the grip section. Maximum contraction occurred at the center
of the specimen due to a lack of such constraint. As a result of damage in the

specimens loaded to failure, the transverse deformation due to Poisson contraction is
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not recovered. This lack of recovery results in the pseudo-necking observed in Figure
4.8b. The stress concentration at the grip due to Poisson’s contraction is believed to

be the reason for the failure of the tubes near the gripped region.

4.3.2 Type V Torsion Loading

The shear stress-strain plot for Sample 7 loaded in torsion is shown in Figure 4.12.
The shear strain measured using ARAMIS varied marginally from the shear strain
measured using strain gages. The strain measured from ARAMIS corresponds to a
point on the front of the sample (between the two strain gages), while the strain
from the stain gage corresponds to the average strain determined over the area of the
strain gage. This is believed to be the reason for the lower strain measured using
strain gages. The shear modulus of the laminate tube was determined by taking the
slope of the linear portion of the stress strain curve, as shown in Figure 4.12. Due to
the difference in strain, the shear modulus determined using ARAMIS data is slightly
higher than the modulus determined using the strain gage data.

Unlike non-linear tensile stress-strain curve, the shear stress-strain curve was linear
for the major portion of the applied torsional load. This is a result of the high stiffness
fibers orientated at +45 degrees taking the majority of the load away from the matrix.
Owing to this load sharing by the fibers, normal or shear failure of the matrix (i.e.
transverse cracks) were not observed; the interior surface of Sample 7 was relatively
smooth as observed in Figure 4.13(b). This is in contrast to the interior of Sample 20
that displayed extensive damage at failure sites, shown in Figure 4.8(a). Due to the
orientation of the fibers at 45° to the loading axis, the shear modulus of the [£45]s;
tubes (46 GPa) are much higher than the axial modulus of the tubes (13 GPa). The
sample fractured at a maximum shear stress of 327 MPa. Since this fracture plane was
within the gage section at 45° to the tube axis, fibers in one set of plies (+45) would

have fractured while the matrix in the other set of plies (-45) would have cracked
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Figure 4.12: Stress vs. Strain plot of Sample 7 in pure torsion
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Figure 4.13: Exterior and interior surfaces of Sample 7
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parallel to the fibers in those layers, resulting in the observed single fracture plane.
Fiber failure requires higher load due to higher strength of the fibers. The failure
surface area in Sample 9 was higher than that in Sample 20, suggesting a largerf
number of fibers failing in Sample 9 than in Sample 20. This is believed to be the
reason for the higher strength in torsion than in tension.

A plot of the global shear strain as a function of time for Sample 7 is shown in
Figure 4.14, and plot of the global axial strain as a function of time for Sample 7 is
shown in Figure 4.15. The plots in Figure 4.14 and 4.15 were generated using the
strain from a single point on the sample, Stage Point 0, shown in Figures 4.14 and
4.15. These Figures show the strain distribution at peak strains prior to failure of the

sample, corresponding to the vertical red dashed line in Figures 4.14 and 4.15.
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Figure 4.14: Sample 7 €,, at peak strain prior to failure

It can be inferred from Figures 4.14 and 4.15 that the torsional load resulted
in compressive axial strain, suggesting a coupling between torsional load and normal
strain. As discussed in the previous section, the material coupling should be marginal.

The torsional strain of 1600 microstrains observed after fracture is believed to be due
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to the damage in the sample after fracture.
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Figure 4.15: Sample 7 €, at peak strain prior to failure
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In order to understand this, additional tests were completed using 1018 steel,
where such a material coupling is not possible. One end of the sample was clamped
to the lower moving cross-head, while the other end was not clamped. Maintaining
both the rotary and linear actuators under position control, the sample was rotated
in steps of 0.1 degrees and the resulting axial position of the sample was monitored
using ARAMIS. The linear actuator was commanded to maintain the position of the
cross-head at the same location while the torque was applied. Although the cross-
head position hardly changed in the range of 0.004 mm, the position of the sample,
as measured by the ARAMIS, changed as shown in Figure 4.16.

0.0469
[+—— Stage point 0
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0.0350-
£ 0.0300-
>
= 0.0250
£
£ 0.0200-
e
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w
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Figure 4.16: Linear position change of 1018 steel during rotation

During the first rotational angle increment of 0.1 degree, the sample’s position
suddenly changed by 0.024 mm. The positive value corresponds to downward dis-
placement. The position of the top grip was also measured by ARAMIS and changed
by similar amount and hence, there was no relative displacement between the top
grip bottom and the sample during this rotation. However, the sample’s axial dis-

placement, relative to the top grip, increased further by 0.02 mm as the rotational
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angle was increased to 2 degrees. Since the position of the linear actuator position
did not change during this rotation through 0.1-2 degrees, the observed displacement
of the sample must be relative to the position of the linear actuator (i.e., the position
of the moving cross-head attached to the linear actuator shown in the schematic of
the load frame in Figure 4.17). The cause for this relative displacement is unknown
at this time and is believed to be related to the machine design; elimination of this
displacement was beyond the control of the author.

When the top end of the sample is gripped, this relative displacement results in
a tensile load in the specimen. For example, the steel sample was clamped between
the hydraulic grips and loaded to 500 Nm while commanding the linear actuator to
maintain its position. The resulting torque, rotational angle, axial load, and axial
position of the moving cross-head are plotted in Figure 4.18. Although the axial
position of the moving cross-head (and hence the linear actuator) was maintained
around “zero” , the sample recorded a maximum tensile force of 2583 Newtons due to
the relative downward motion of the sample with respect to the moving cross-head.
The strain recorded in the sample using the strain gages is plotted in Figure 4.19.

The axial strain (ey) is positive and corresponds to a relative displacement of
0.006 mm over a gage length of 148.08 mm. The observed difference between the
strains recorded by the strain gages on the right and left sides of the sample suggests
some level of bending of the sample. The lateral strain (ey) is negative and due to
Poisson’s contraction.

The above experiment clearly points to coupling between the linear displacement
and the rotational actuation.

A third test, mimicking the torsional testing of Sample 7, was completed using
the steel sample. The sample was torqued to 500 N-m, while commanding the linear
actuator to maintain zero load. The resulting data is plotted in Figure 4.20.

Due to the tensile load recorded by the load cell caused by the relative displace-
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Figure 4.17: A schematic of the Instron 8822 load frame
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Rotary Channel Load Control with Linear Holding in Position Control
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Figure 4.18: The load, torque, cross-head displacement, and angle of twist recorded
during torque loading of a 1018 steel specimen with the rotary actuator under load
control and linear actuator under position control
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Rotary Channel Load Control with Linear Holding in Position Control
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Figure 4.19: The strains recorded during during torque loading of a 1018 steel speci-
men with the rotary actuator under load control and linear actuator under position
control
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Rotary Channel Load Control with Linear Holding Zero Load
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Figure 4.20: The load, torque, cross-head displacement, and angle of twist recorded
during torque loading of a 1018 steel specimen with the rotary actuator under load
control and linear actuator under load control
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ment of the sample, with respect to the position of the moving cross-head, in response
to the applied torque, the linear actuator would move up the cross-head in the nega-
tive direction to reduce this load to zero. This is observed in Figure 4.20. The strain
on the sample measured using the strain gage was close to zero as shown in Figure

4.21.

Rotary Channel Load Control with Linear Holding in Load Control
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Figure 4.21: The strains recorded during torque loading of a 1018 steel specimen with
the rotary actuator under load control and linear actuator under load control

Such coupling between rotational angle and linear actuation was also observed
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as shown in Figure 4.22. The steel sample was loaded to 100 kN while the rotary
actuator was commanded to maintain the position of zero torque.

The strains measured using the strain gages are plotted in Figure 4.23. The
measured shear strain due to this coupling is negligible.

A similar increase in the axial displacement of the moving cross-head due to the
coupling discussed above, was observed during torsion testing of composite Sample 7,
as shown in Figure 4.24, with the linear actuator commanded to maintain zero axial
load on the sample.

Ideally, this should have resulted in zero axial strain in the sample. The negative
axial strain observed can be explained as follows. Consider the a sample of Ly, shown
in Figure 4.25 (a), is subjected to a torque while not allowing the cross-head positions
to change. This will lead to extension of the sample by ds to a new length of Ly, as
shown in Figure 4.25 (b), due to coupling discussed in the previous paragraphs. This
will introduce a tensile force of N in the sample.

If the linear actuator is commanded to maintain zero load, then the moving cross-

head will move up by d¢ to introduce a compressive force, N, such that

P=N-N.=0

N, =N (4.2)
EA EA
5671 - 6570

It is assumed that the stiffness of the assembly of grips, coupling, and shafts is
much greater than that of the sample; hence, the deflection is assumed to only occur

in the sample.

=0, + . (4.3)

Note that o, is upward while d, is downward; alternatively, while d.. is the contrac-
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Linear Channel Load Control with Rotary Holding Zero Load
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Figure 4.22: The load, torque, cross-head displacement, and angle of twist recorded
during tension loading of a 1018 steel specimen with the rotary actuator under load
control and linear actuator under load control
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Linear Channel Load Control with Rotary Holding Zero Load
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Figure 4.23: The strains recorded during tension loading of a 1018 steel specimen
with the rotary actuator under load control and linear actuator under load control
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Figure 4.24: Axial cross-head position and torque during quasi-static testing of Sam-

ple 7
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Figure 4.25: A schematic representing machine coupling between the rotary and linear
actuators
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tion in the sample due to upward movement of the cross-head, d, is the extension in
the sample due to coupling. Hence, the contraction should be more than that of the
extension to maintain a zero load on the load cell.
Now,
05 05>

Lo=L;—0c=11—6s— — =Ly — —. 4.4
2 1 & 1 S Lo 0 Lo ( )

Thus, the final length of the sample after compensating the load to zero is less

than the original length. The net strain on the sample is

L2 - LO o 552

= . 4.5
LO L02 ( )

This strain is compressive while the load registered by the load cell is zero as

shown in the Figure 4.26.

Sample 7
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Figure 4.26: The axial load and the axial strain measured on 1018 Steel sample due
to machine coupling during torque loading

However, the compressive strain on the sample suggests that there must be internal

stress (akin to a residual stress) within the sample, even though the load cell reading
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is zero. This can be understood from the following simplification of the loads acting
on the sample when the cross-head is moved-up to maintain zero load, as shown in

Figure 4.27.

Figure 4.27: A free body diagram for
the 1018 steel sample illustrating the
introduction of axial compressive load
due to machine coupling _ l

! P

Here, P;, is the load exerted by the sample on the load cell, Py is the load due
to coupling, Py is the compensating load applied by the linear actuator, Ly is the
original length of the sample, and d, is the deformation in the sample in response
to Po. A simple force balance will reveal that P, = 0, Po = Poy, and the internal
forces in sections AB and BC of the sample are P4g = 0 and Pgc = Pco. Hence,
although the load recorded by the load cell is zero, there will be internal force and
stress within the sample.

The total deformation after application of Poy is

PapLly  Ppcis Ppcisg oBcds 0505 5’
0=290 dpe = = — = — = — = .
AB 050 = T T g EA E Lo Lo

The total strain on the sample as measured by the strain gage and ARAMIS (using

the initial sample length of L) is
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352 2
_ LO B 55
— =2

Ly Ly

€ =

(4.7)

This residual compressive strain is the same as the strain determined using Equa-
tion 4.5 by a slightly different analysis. Thus, this strain is proportional to the internal
compressive stress in the sample (referred here afterwards as residual stress). This
strain and internal stress are shown to be active in a portion of the sample in the above
schematic, as the coupling stress and strain are assumed to be due to displacement
within the bottom grip. However, if they are introduced due to the displacement
within both the top and bottom grips, then the residual compressive strain and stress
can be assumed to be acting over the entire length of the sample.

This residual stress has profound effect on the fatigue behavior of the composite
under multiaxial loading as discussed in the next section.

This strain is recovered upon sample fracture, as observed in Figure 4.15.

Finally, such coupling, between applied axial load and induced rotational angle,
was also observed. However, the magnitude was not significantly low as observed in

Figure 4.15.

4.3.3 Type I Combined Tension/Torsion Test Results

Sample 9 and 11 were loaded proportionally in tension-torsion loading with a tension
to torsion ratio of e = 3. The stress-strain curves for Sample 9 are plotted in Figure
4.28 with the calculated values of G, and E,, overlaid.

The difference in strain measured by the ARAMIS system and the strain gage,
observed in Figure 4.28, are comparable to that observed in cases of pure tension
and torsion loading discussed in Sections 4.3.1 and 4.3.2, and are due to the reasons
discussed in those sections.

Failure of Sample 9 was in the grip section close to the chamfered edge of the
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steel plug. The failure surface showed clean fiber failure near the grip with some
delamination as shown in Figure 4.29, suggesting a sudden failure. There were some
snapping sounds recorded prior to the large acoustic emission (bang) corresponding
to final failure. The permanent lateral contraction was not to the extent observed for
pure tension loading; nevertheless, it confirmed the damage in the samples.

Sample 9 experienced a non-linear transition in global axial strain due to damage
similar to that experienced by Sample 20, as discussed in Section 4.3.1. The axial
modulus of Sample 9 was slightly lower than that of Sample 20. The stress-strain
curve was simulated for Sample 9, using incremental analysis discussed in Appendix
B, assuming no damage. The results are compared with experimental results in Figure
4.30. The predicted curves compare very well with experimental curves at lower strain
values when there is no damage. Substantial deviation occurs at higher strain values,
due to damage that accrues in the sample at higher strain values, as shown in Figure

4.30.
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Figure 4.28: Shear and normal stress-strain plots for sample 9 under combined

tension-torsion loading
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Figure 4.29: Fractured halves of Sample 9 highlighting the fracture modes
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Figure 4.30: Comparison of experimental and predicted stress-strain curves, for Sam-
ple 9 subjected to combined tension - torsion quasi-static loading
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4.4 Fatigue Test Results

Fatigue test results for various loading types are summarized in Table 4.5. Results for
each loading type are discussed before comparing them to evaluate the effect of loading
path. To start with, the results for uniaxial loading are discussed before discussing the
multiaxial loading. The strain in the sample was recorded during fatigue to evaluate
the damage progression. Due to the high frequency of testing (3 Hz), the strain
could not be measured using ARAMIS at each distinct load and unload point during
a single cycle. The strain gages that were attached to the samples debonded from
the high strains involved (>2%). This necessitated the use of the Instron cross-head
position to calculate the strains in order that the modulus degradation be tracked
during testing. The difference in strains determined using ARAMIS and cross-head
position has been discussed in the previous sections. Hence, the trend in the data is
emphasized over the absolute values.

Fatigue testing for load path Types I-V has resulted in the S-N curve shown in
Figure 4.31. The S-N curve is a tool for comparing varying stress states, denoted
by S, to their respective fatigue life in cycles, denoted by N. The value S plotted on
the ordinate of the graph is the alternating value of stress in the fatigue loading that
is normalized by dividing by the ultimate strength for that loading. The value N
plotted on the abscissa of the graph is the number of cycles the sample lasts. The
chart plotted in Figure 4.31 shows different trends for each of the loading Types -V
giving an early indication of load path dependence.

The S-N curve shown in Figure 4.31 shows Type I, II, and IV following a similar
linear trend, whereas, Type III (Out-of-Phase Torsion-Tension) and Type IV (Uni-
axial Torsion) show extremely non-linear trends that depart from that of Type I,
I, and V. This is a clear indication of load path dependence and the importance of
evaluating the torsional loading and its import within damage mechanics.

Given that the strain gages were prone to failure early in the testing of the tubes,
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Applied Applied

Loading Tyy Try
Sample Type (MPa) (MPa)  Cycles Comments

12 1 (Tension-Torsion) 177 59 400 Failure
13 1 (Tension-Torsion) 142 47 108055 Failure
14 1 (Tension-Torsion) 129 43 394749 Unloaded*
1 1 (Tension-Torsion) 79 27 1450000 Unloaded
21 2 (Tension then Torsion) 179 60 179  Failure
16 2 (Tension then Torsion) 145 48 30307 Failure
17 2 (Tension then Torsion) 127 42 545138 Failure
25 2 (Tension then Torsion) 129 43 1250135 Unloaded
23 3 (Torsion then Tension) 175 58 272 Failure
19 3 (Torsion then Tension) 147 49 5514 Failure
22 3 (Torsion then Tension) 100 33 12267 Failure
18 3 (Torsion then Tension) 130 43 29966 Failure
24 3 (Torsion then Tension) 105 35 46021 Failure
29 4 (Tension) 178 0 334 Failure
30 4 (Tension) 145 0 48256 Failure
27 4 (Tension) 121 0 2400000 Unloaded
28 5 (Torsion) 0 245 78210 Failure
31 5 (Torsion) 0 266 81790 Failure
32 5 (Torsion) 0 285 643155 Failure

*Sample 14 unloaded at 394749 cycles and failed from load spike during restart

Table 4.5: Fatigue Results of all Tube Samples
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the displacement of the cross-head of the Instron system is used for the calculation
of strains. This movement has been shown in Figure 4.7 to correlate well with strain
values measured by strain gages. Using those strains, it is possible to track the values
of Ky, and G, during the test. The results of this is shown in Figure 4.32 and 4.33.
It is noted that G, is not calculated for Type IV loading and E,, is not calculated
for Type V loading, as those loading types did not apply an external force and thus
the stress terms cannot be calculated. The values of £, and G, are being plotted
against cycles to failure in an attempt to visualize damage progression during the test.
As the fibers and/or matrix crack, the load distribution in the laminate will change
and affect the values of E,, and G,,. It should be noted that stiffness of the load
frame itself can affect positional measurements; while this might adjust the actual
values of E,, and G, it is not the absolute value of E,, and G, that is needed;
rather it is the relative change in F,, and G, over time that is of interest.

Arranging all of the samples tested in fatigue in order of loading type and load
level (see Figure 4.34), allows the fracture pattern to emerge. In the photo, the first
three columns are samples tested in biaxial fatigue and the samples across each row
are tested at the same load level. The last two columns are the samples tested in
uniaxial fatigue. Within each column the sample at the front is the lowest load level
and the sample at the back is the highest load level.

Within the biaxial fatigue samples it is seen that samples tested fail by a com-
bination of fiber failure, delamination, and matrix cracking as can be seen in Figure
4.35 for examples of each. Starting with Type I, the samples fail by a combination
of fiber failure and delamination. As the load increases the amount of delamination
increases. Then, when moving to Type II and III loading, the delamination increase
starts at a lower load threshold; moving higher in loading results in matrix cracking

without delamination occurring.
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Figure 4.32: Variation of Young’s Modulus, F,,, during fatigue testing
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Figure 4.33: Variation of shear modulus, G, during fatigue testing
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Figure 4.34: Fatigue sample failures grouped by loading type
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()

Figure 4.35: Examples of failure modes: (a) Tube with partial delamination of top
layers; (b) Tube failure under shear load; (c) Brittle failure at the gripped end caused
by fiber failure under tension; and, (d) Transverse failure
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4.5 Uniaxial Fatigue Data

The results of the uniaxial fatigue tests, Types IV and V, described in Section 3.3.3,

are presented in more detail below in Section 4.5.1 and 4.5.2.

4.5.1 Type IV - Uniaxial Tension Fatigue Loading

The load levels at which the samples were tested are tabulated in Table 4.5 and
can be visually seen in Figure 4.36. The cycles to failure are plotted in Figure 4.31
as a function of stress amplitude normalized to the ultimate tensile strength. The

cycles to failure increased with decrease in stress, as expected. Sample 27, with a
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Figure 4.36: Type IV test levels overlaid on Sample 20 stress vs. strain graph

stress amplitude of 121 MPa just below the linear to non-linear transition in the
stress-strain curve, did not fail even after 2.4 million cycles. However, the permanent

axial strain increased with the number of cycles as shown in Figure 4.37. It should
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be noted that the permanent strain during the first cycle was negligible, suggesting
that the increase in permanent strain was due to increase in damage with fatigue.
In order to confirm this further, the change in the modulus of the specimen during
fatigue was determined and is plotted in Figure 4.32. The degradation in the axial
modulus of the composite started below 100 cycles; however, substantial degradation
occurred between 100 and 1000 cycles, confirming the sudden jump in strain observed
in Figure 4.37. Although the permanent strain continued to increase beyond 1000
cycles, the modulus increased marginally and remained constant for the rest of the
fatigue cycles. With increase in the fatigue load, substantial degradation occurred at
lower cycles; it can be inferred from Figure 4.32 that occurred between 10 and 100
cycles at 145 MPa (Sample 30) and between 1 and 10 cycles at 178 MPa (Sample
29). This is confirmed by a sudden jump in the permanent strain in Figures 4.38
and 4.39. Although the increase in the permanent strain during this sudden jump
increased with increase in the fatigue load, the magnitude of degradation in axial
modulus did not change with the fatigue load. These strain values correspond to the
plateau region in the stress-strain curve in Figure 4.36.

Similar to Sample 27, the axial modulus increased after the sudden degradation
for Samples 30 and 29; however, the rate of increase increased with fatigue load. The
values at failure were equal to the starting value (i.e. first cycle). The strains at failure
for samples 30 and 29 correspond to the region of the stress-strain curve where strain
hardening is observed. Hence, the observed increase in the axial modulus during
fatigue is due to the same reasoning given for strain hardening observed during quasi-
static testing; i.e., rotation of the fiber orientation towards the loading axis, enabled
by the matrix cracking in the plies.

During this test, the rotary actuator was commanded to maintain zero torque
while the axial load was cycled. Therefore, zero shear load and stress are observed in

Figures 4.37-4.39. However, a gradual increase in shear strain, with increase in fatigue



0 J0 %0¢] AT 0dAT) Lz opdures :L¢ omSL]

fifi
UL

S1S01098AT] (|

Shear Stress (MPa)

10 ‘

—+— Cycle 1

—6— Cycle 10
—*— Cycle 100
Cycle 1,000

6| —<— Cycle 10,000
Cycle 100,000
4} —<— Cycle 1,000,000
—=&— Cycle 2,408,635

-10 ‘ :
-0.001 —0.0005 0

Shear Strain

0.0005

0.001

140

120

100

80

60

Normal Stress (MPa)

40

20

0.04
Axial Strain

0.08

NOISSNOSIA ANV SLINSHY 7 H4.LdVHO

98



0 30 %09] Al 2dAT) 0¢ ordures :g¢§ onSr]

fifi
ToUL

S1S01098AT] (|

Shear Stress (MPa)

10 ‘
—+—Cycle 1
gl —6— Cycle 10 |
—#— Cycle 100
Cycle 1,000
6| —=— Cycle 10,000 1
Cycle 48,211
4 - 4
2 - 4
O - 4
_2 - p
_4 - p
_6 - p
_8 - p
~10 s s s
-0.001 —0.0005 0 0.0005

Shear Strain

0.001

Normal Stress (MPa)

180

160

140

120

=
o
o

[e]
o

D
o

N
o

20

i

i

i

i

i

i

0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09

Axial Strain

0.1

NOISSNOSIA ANV SLINSHY 7 H4.LdVHO

L8



030 %46L] AT 0dAT) 6z ordures :6¢F o3Iy
Shear Stress (MPa)

fifi
ToUL

S1S01098AT] (|

10 \ 180 T T T T T
—+—Cycle 1
|| —©— Cycle 10 |
8 160
—*— Cycle 100
—4A—— Cycle 289
6 140
4+
. 120
&
2t s
% 100
[%]
ot <4
n
< 80
-2t E
2
60
_4 L
6t | 40
-8} | 20
~10 ‘ ‘ ‘ 0 . . . . .
-0.001 —-0.0005 0 0.0005 0.001 0 0.02 0.04 0.06 0.08 0.1
Shear Strain Axial Strain

NOISSNOSIA ANV SLINSHY 7 H4.LdVHO

88



CHAPTER 4. RESULTS AND DISCUSSION 89

cycles, was observed. This is a sign of gradual loss in the balanced layup configuration
of the composite; that is, the shear - normal coupling coefficient became non-zero due
to cracking resulting in shear strain due to applied axial stress. The level of this
material coupling, as indicated by the magnitude of shear strain in Figure 4.37-4.39,
increased with increase in the fatigue load due to increase in the extent of damage.
The shear strain in Sample 30 in Figure 4.38 is opposite in sign to the shear strain in
Sample 29 in Figure 4.39. This is believed to be due to difference in the type of plies
in which the maximum damage is occurring. For example, it could be [+45] plies in
Sample 30 and [—45] plies in Sample 29.

An image of the failed / unloaded samples is given in Figure 4.40. Both Samples

Figure 4.40: Samples failed under tensile fatigue (Type IV loading)

29 and 30 failed near the grip, as shown in Figure 4.35¢, due to stress concentration
discussed in previous sections. The extent of apparent necking increased with increase
in the fatigue load, confirming the observation made earlier about the increase in the
extent of damage with increase in the fatigue load. This is believed to have resulted
in higher strain to failure in Sample 29 when compared to Sample 30. The final
failure mode is the same as that observed during quasi-static tensile testing; limited

delamination (see Sample 30 in Figure 4.40) followed by fiber failure near the gripped
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end. This was preceded by matrix cracking during fatigue cycles.

4.5.2 Type V - Uniaxial Torsion Fatigue Loading

The load levels at which the samples were tested are tabulated in Table 4.5 and can
be visually seen in Figure 4.41. The magnitude of applied shear stresses were within
20% of the ultimate strength. The cycles to failure are plotted in Figure 4.31. Unlike
the tension loading, wherein a monotonic decrease in fatigue stress amplitude with
increase in fatigue cycles to failure was noticed, torsional loading resulted in samples

loaded to higher stress amplitude lasting longer than those loaded to lower stress

amplitudes.
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Figure 4.41: Type V test levels overlaid on Sample 7 stress vs. strain graph

A permanent strain of 0.001 was recorded after the first cycle for all specimens
as shown in Figures 4.43-4.45, which increased gradually during subsequent cycles.
Associated with this permanent strain was the sudden increase in the shear modu-

lus, observed in Figure 4.33 after the first cycle. Since the fiber orientation in the
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composite [£45] resulted in maximum shear modulus, any rotation of fibers due to
matrix cracking would likely to result in the reduction of shear modulus.

While the cause for this is not understood, one possible contributor is the matrix
cracking. The permanent shear strain is believed to be due to matrix cracks forming
parallel to fibers in both [+45] and [-45] layers. This, as well as coupling between
linear actuator position and rotary actuation (discussed in Section 4.3.2), resulted in
compressive axial strain observed in Figures 4.43-4.45. This reduction in the length
of the sample would have caused a reduction in the angle of twist for a given torque

since

TL

where T is the torque, L is the sample length, J is the polar moment of inertia, and
G is the shear modulus. The measured angle of twist was used to determine the

maximum shear strain

g

€max — 7
Lo

(4.9)

which in turn was used to calculate the shear modulus. Since the original length was
used, the maximum strain would have decreased with decrease in the measured ¢,
caused by the reduction in the length of the sample. This reduction in angle of twist
can be seen in Figure 4.42.

Nevertheless, the axial strain of 0.0025 in Figures 4.43 - 4.45 is unlikely to have
resulted in the level of increase in shear modulus observed in Figure 4.33. Another
possible contributor is loss of balanced layup configuration due to cracking (i.e., the
shear-normal coefficient becoming non-zero). Further investigation of this is neces-
sary.

The odd trend observed in Figure 4.31 is also believed to be due to above-
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mentioned causes.

Figure 4.46 shows the failed samples. A close-up of failure is shown in Figure
4.47. Matrix cracks that develop in [+45] and [-45] plies are perpendicular to one
another. The fibers in one of the plies must fracture in order for the sample to fail.
For example, the matrix cracks in [+45] plies is seen in Figure 4.47. The fibers in
[—45] plies below the matrix cracks in [+45] plies must fracture for the crack to
pass through the entire thickness, resulting in the ultimate failure of the composite

specimen. A similar failure mode was observed during quasi-static torsional testing.
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Figure 4.42: Sample 28 position plotted as a function of load applied during the first
two loading cycles
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Figure 4.46: Samples failed under torsional fatigue (Type V Loading)

Figure 4.47: Tube failure under shear
load
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4.6 Biaxial Fatigue Data

The three loading types I, II, and III, described in Section 3.3.3, are presented in

Sections 4.6.1-4.6.3.

4.6.1 Type I - Biaxial Tension-Torsion Fatigue Loading

The load levels at which the samples were tested are tabulated in Table 4.5. While
Sample 1 was unloaded after 1.45 million cycles, Sample 14 had to be unloaded after
394,749 cycles due to power failure. During the unloading of Sample 14 the load frame
restarted at a higher load value than what was used for the first 394,749 cycles and
rapid failure of the sample occurred. Hence, Sample 14 was recorded as unloaded at
394,749 cycles. The cycles to failure are tabulated in Table 4.5 and plotted in Figure
4.31. The maximum axial stress amplitudes used in this loading are the same as those
used in Type IV (tension) loading. However, the maximum shear stress amplitudes
are less than those used in Type V (Torsion) loading; a ratio of 3:1 was maintained
between the maximum tensile and shear stress amplitudes.

While the samples loaded in the linear region (Sample 1) or in the linear-non-linear
transition region did not fail in reasonable time, the samples loaded in the non-linear
region (Samples 12 and 13) failed quickly. It should be noted that the damage started
at stresses in the linear to non-linear transition region and progressed rapidly. While
a similar trend was observed in tension only loading case, the cycles to failure for a
given stress amplitude, under in-phase tension - torsion loading was more than the
cycles to failure under tension loading only.

While the permanent axial strain increased with fatigue cycles and stress ampli-
tude as shown in Figures 4.48 - 4.50, its magnitude before failure, at a tensile stress
amplitude, was lower than that observed for the case of tension loading in Figures 4.37

- 4.39. In addition, the samples subjected to this loading also exhibited permanent



CHAPTER 4. RESULTS AND DISCUSSION 99

shear strain that increased with shear stress amplitude, similar to the case of tension
loading only. These suggest increasing damage with fatigue and stress amplitude.
Due to this damage, both the axial and the shear moduli decreased with increase in
the number of fatigue cycles, as observed in Figures 4.32 and 4.33. This is in contrast
to the pure tension case, wherein the axial modulus decreased during the initial 1000
cycles and increased subsequently, and to the pure torsion case, wherein the shear
modulus increased to a plateau value.

In contrast to pure tension loading, the samples that failed under in-phase tension-
torsion exhibited extensive delamination, as shown in Figure 4.51. While fiber failure
in all layers were observed in pure tension loading (Figure 4.40), the fiber failure was
observed in only few layers. For example, in Sample 13 shown in Figure 4.51, the
fibers in the top [+45] layer failed; the exposed [-45] layers at the top of the sample
suggests that delamination between the top [+45] and bottom [-45] layers preceded
before the final failure of sample through fiber failure in [+45] layers. Transverse
cracking that would have preceded the delamination is also observed in the top [+45]
layer. The increased level of delamination is believed to be the reason for lower
strain to failure observed in Figure 4.49 when compared to pure tension loading case.
The increase in the amount of delamination is also believed to be the reason for the
monotonic decrease in the axial and shear moduli with increase in the number of
fatigue cycles. Comparing Figures 4.51 and 4.40, it can be observed that the amount
of pseudo necking, at stress amplitude, is less for tension-torsion loading than for pure
tension alone. This is consistent with increased delamination observed in the former
when compared to the latter.

Therefore, it can be concluded that the addition of torsional loading in-phase with
the tension loading increased fatigue life through reduction in transverse cracking due

to increased delamination.
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Figure 4.51: Samples failed after in-phase tension-torsion fatigue (Type I loading)
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4.6.2 Type II - Biaxial Out-of-Phase Tension-Torsion Fatigue

Loading

The loads levels at which the samples were tested are tabulated in Table 4.5. Sample
25 was unloaded after 1.25 million cycles. The cycles to failure are tabulated in Table
4.5 and plotted in Figure 4.31. Despite the slightly smaller values for axial and shear
stress amplitudes, Sample 17 fractured in much less cycles than Sample 25. Both
samples were loaded to stress levels in the linear to non-linear transition zone. For
load levels in the non-linear region in Figure 16, the cycles to failure was lower than
that for tension only loading and hence, much lower than that for the Type II in-plane
tension-torsion loading.

The magnitude of permanent axial strain was more than that recorded for the
in-phase tension-torsion loading, as observed in Figures 4.52 — 4.54. However, it was
either equal or greater than that recorded for tensile loading only. The magnitude
of permanent shear strain was comparable or less that recorded for in-plane tension-
torsion testing. During this testing, the axial stress was first applied and the torsion
stress was applied subsequently while maintaining the axial stress constant. It was
noticed in Section 4.5.2 that the axial compressive strain of the order of 0.0025 was
introduced, due to rotary actuation, for shear stresses in the range of 245-285 MPa.
Since the shear stress used in this loading mode was */gth of the shear stress used
in Type V loading, the induced axial strain would have been lower too and for this
reason, not visible in Figure 4.55. Similarly, it was noticed in Type IV loading that
the applied axial tensile load resulted in shear strain. The maximum permanent shear
strain observed in this testing is comparable to that recorded during tension testing
alone, as seen in Figure 4.37.

The change in axial and shear moduli is plotted as a function of fatigue cycles in

Figures 4.32 and 4.33.
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The axial modulus exhibited a trend similar to that observed for tension loading
only; evidenced by its decreasing during the first 1000 cycles and then increasing
thereafter. The shear modulus decreased similar to that observed for in-phase tension-
torsion testing. Unfortunately, shear modulus could not be measured during Type
IV - tension testing. Had it been measured, it is believed it would have exhibited a
behavior similar to that observed in out-of-phase tension-torsion loading.

The image of failed samples is provided in Figure 4.56. The fracture pattern in
Samples 17 and 16 were similar to that observed in case of tensile loading only, given
in Figure 4.40. Although the outer ply was [+45], the crack plane observed in Sample
21 was perpendicular to the orientation of the fibers in [4+45] and irregular. This
indicates that the fibers in [+45] plies of Sample 21 failed. The beginning of this fiber
failure process is observed in Sample 16. While the final failure occurred by failure of
fibers in all layers, it occurred closer to the grip in Samples 16 and 17. This failure
mode is different from that observed for in-phase tension-torsion loading, in Figure

4.51, with fiber failure in some plies accompanied by delamination between plies.

W+ AN\

199.49 23700 279.58 3I3NAD

Figure 4.56: Samples failed under out-of-phase tension-torsion fatigue (Type II load-
ing)
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Hence, it can be concluded that the transverse cracking influenced the fatigue
life for this loading condition, similar to that observed for tension only loading. The
fatigue life was lower than that observed for tension only, suggesting that the added
out-of-phase torsion reduced the fatigue life.

The observed difference in fatigue life for in-phase and out-of-phase tension-torsion
loading is indicative of the effect of load path on fatigue. Since machine coupling
(between linear strain and rotary actuation and vice versa) was observed in both

loadings, the observed difference is believed to be due to the effect of load path.

4.6.3 Type III - Biaxial Out-of-Phase Torsion-Tension Fa-

tigue Loading

The load levels at which the samples were tested are tabulated in Table 4.5. Unlike
other loading, the samples tested at low load levels in the linear region also failed
quickly. The cycles to failure are tabulated in Table 4.5 and plotted in Figure 4.31.
The cycles to failure are much lower than those recorded for other loading types.
The axial permanent strain was recorded at all load levels and it increased with
increase in stress and the number of fatigue cycles, as shown in Figures 4.57 to 4.61.
Its magnitude, at a stress level, was less than that observed for Type II — out-of-
phase tension-torsion loading. The samples also exhibited permanent shear strain
at higher load levels and closer to failure. While positive permanent shear strain
was noticed at lower loads (Sample 24 and 18), negative permanent shear strain was
noticed at higher loads (Samples 19 and 23), suggesting a difference in failure modes.
The reduction in the axial and the shear modulus during fatigue is plotted in Fig-
ures 4.32 and 4.33. While the trend observed in axial modulus is similar to the trend
observed for uniaxial tensile (Type IV) loading, the reduction in the modulus was
rapid and its magnitude much larger than that observed under pure tensile loading.

While the magnitude of the reduction in the shear modulus is same for all biaxial
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Figure 4.60: Sample 18 (Type III [50% of 7,,%" then 50% of o7,**]) hysteresis
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loading types, it occurred rapidly for Type III when compared to Types I and II.
These observations suggest a difference in the failure modes.

A photograph of the fractured samples is given in Figure 4.62. The failure pattern
observed at lower stress levels (Samples 24, 22, and 18) is similar to that observed for
in-phase tensile-torsion (Type I) loading. However, at higher load levels (Samples 19
and 23), the failure pattern is similar to pure torsion loading (Type V) and sample
21 of out-of-phase tension-torsion (Type II) loading. Additionally, pseudo-necking

observed in uniaxial tension was also observed at higher loads.

1633 19400 199.4 23700 225.52 2609

Figure 4.62: Samples failed under out-of-phase torsion-tension fatigue (Type III load-
ing)

These results clearly establish the effect of load path on fatigue behavior of [£45]a;

laminate.
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4.7 Discussion

The calculated first-ply failure envelope, ABCD, indicated in Figure 3.14, is the stress
space within which no failure should occur. If the boundaries of this space are crossed,
then first ply failure would occur. It can be inferred from this Figure 3.14 that the
first ply of the laminate to fail, under uniaxial tensile loading, would be either [45]
or [—45] ply. The predicted failure mode would be in-plane shear that would result
in cracks parallel to fibers and is referred to in this thesis as matrix cracks. The
laminate load at which this would happen is predicted to be 25 kN (see Figure 3.14),
which corresponds to a laminate axial stress of ~ 128 MPa.

It was noted in Section 4.3.1 that the stress-strain curve for the laminate, under
uniaxial loading, showed a transition from linear to non-linear behavior beyond 100
MPa. Accordingly, the matrix cracking caused by in-plane shear failure of the plies is
believed to be one reason for the non-linearity. The other reason is the non-linearity
in the shear response discussed in Section 4.3.1. These matrix cracks were more
visible in the inner plies than in the outer [45] ply, which is to be expected since the
outer [45] ply has less constraint than the inner plies. The density of these matrix
cracks increased with fatigue cycles and stress amplitudes, resulting in the increase
of the permanent axial strain observed in Figure 4.37. Other fracture modes, such
as limited delamination initiating at these matrix cracks could be observed. The
final failure of the laminate, under both quasi-static and fatigue loads, was due to
tensile failure of the fiber in both plies, near the grip. Due to the matrix cracking,
the Poisson’s contraction was never recovered, resulting in pseudo-necking, whose
magnitude increased with stress amplitude during uniaxial tensile fatigue in Figure
4.40. Therefore, the initiation and growth of this matrix crack density is believed
to have influenced the fatigue life cycle under uniaxial tensile (Type IV) fatigue,
observed in Figure 4.31. The reduction in the axial modulus observed in Figure 4.32

is due to this increase in the matrix crack density.
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It can be inferred from this Figure 3.14 that the first ply of the laminate to fail,
under uniaxial torsional loading, would be [—45] plies under positive torque and [+45]
plies under negative torque. The predicted failure mode is longitudinal compressive
failure due to compressive failure of the fibers. Since the applied torsion was positive,
the [—45] plies are predicted to fail, which was observed during quasi-static and fatigue
tests. For example, in Figures 4.13 and 4.51, a crack parallel to fibers in [+45] layers
indicates that the fibers in [+45] plies did not fracture. This means the fibers in [—45]
plies, which are perpendicular to the fibers in [+45] plies, should have fractured to
result in the laminate failure. Note that the samples tested under torsion did not
separate into two pieces, which is a typical laminate failure pattern under tensile
loading. This suggests that the load bearing capacity of the laminate was suddenly
reduced to zero, due to failure of the load-bearing fibers.

The predicted laminate shear stress for the first ply failure by longitudinal com-
pressive failure, under torsional loading, is ~ 697 MPa. However, the laminate failure
under quasi-static torsional loading occurred at a laminate shear stress of ~ 325
MPa. Even Tsai-Wu failure criterion allowing for the interaction of stresses, results
in a laminate shear stress at failure of ~ 502 MPa. There are three possible reasons
for this discrepancy:

One possible reason is process-induced residual stress, due to mismatch in shear
CTE between [+45] and [—45] layers and due to the effect of cure shrinkage. Due to
lack of information on cure shrinkage for this material, the latter is ignored. Using
the CTE of the lamina and a AT of —113°C (the difference between the cure temper-
ature of 135°C' and room temperature of 22°C'), the process-induced residual stress
along material directions in [—45] layers has been estimated to be —24 MPa along
the longitudinal direction, and +24 MPa along the transverse direction. While the
predicted laminate shear stress for first ply failure by longitudinal compressive failure

reduces from 697 MPa to 691 MPa, the predicted laminate shear stress for transverse
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tensile stress reduces from 757 MPa to 303 MPa. If one considers the cure shrinkage,
this stress is likely to reduce further. Hence, unlike the prediction shown in Figure
3.14, the first ply failure under torsional loading is likely to be due to transverse
tensile failure from tensile transverse residual stress.

A second possible reason is the compressive load introduced in the sample due
to rotational-axial coupling discussed in 4.3.2. This is estimated to introduce, in the
principal material directions, a longitudinal compressive stress of ~ 35 MPa and a
maximum in-plane shear stress of 19 MPa in the [—45] and [+45] plies. These stress
levels are not high enough to change the first ply failure by transverse tensile failure,
predicted in the previous paragraph.

A third possible reason is the error in the longitudinal compressive strength of
—1340 MPa used in the prediction. Unfortunately, this property was not measured
as a part of this thesis and was taken from the property data sheet provided by
the material supplier. Normally, a huge scatter is observed in the experimentally
measured compressive strength due to factors such as error in sample preparation
(mis-orientation of the fibers with respect to loading axis), error in testing (lack
of appropriate lateral support to prevent buckling), defects in the material (such
as fiber waviness and voids), and process-induced residual stress. As well, it is not
known whether the fiber volume fraction in the composite used to generate the data is
identical to that in the composite used in this thesis. Using the experimental laminate
shear strength of ~ 325 MPa, the lamina’s longitudinal compressive strength was
calculated to be —618 MPa, assuming a first ply failure by this failure mode, which
is about 50% of the value used in the prediction.

Accordingly, the process-induced residual stress and possible error in the longitudi-
nal compressive strength are believed to be the reasons for the observed discrepancy
between the predicted and the experimental shear strength of the laminate under

torsional loading. Based on this, and the failure mode observed in Figure 4.13, it is
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believed that the damage during uniaxial torsional loading was initiated by transverse
tensile failure (i.e. matrix failure) and longitudinal compressive failure (i.e. fiber fail-
ure) within [—45] plies, followed by transverse or shear failure in [+45] plies, resulting
in the final fracture of the laminate.

During in-phase biaxial tension-torsion testing (Type I), all three samples except
Sample 1 were loaded beyond the critical laminate stress of 128 MPa (predicted to
initiate the matrix cracks due to in-plane shear) during the first cycle itself. Thus,
all these samples registered permanent axial strain after the first fatigue cycle, in
Figures 4.37 to 4.39. The simultaneously applied torque would have introduced a
residual axial compressive stress due to machine coupling, which would have reduced
the overall tensile stress state in the samples. This is believed to be one reason for
the slightly better fatigue life observed under Type I biaxial in-phase tension-torsion
loading when compared to uniaxial tension (Type IV) loading. Influence of other
damage modes such as delamination, as discussed in 4.6.1, is believed to be another
contributor. The laminate shear stress, applied simultaneously on Samples 12, 13,
and 14, was well below the predicted critical value of 697 MPa and 300 MPa for ply
failure by longitudinal compressive failure and transverse tensile failure, respectively.
For this reason, these damage modes could not have played a role in the first-ply
failure in these samples. Yet, an increase in permanent shear strain with shear stress
and fatigue cycles is observed in Figures 4.48 to 4.50. This is believed to be related
to the extensive delamination observed in Figure 4.51. Therefore, the interactive
role of in-phase shear stress in facilitating the extensive delamination requires further
investigation. The gradual decrease in the axial and the shear moduli with fatigue
cycles, observed in Figures 4.32 and 4.33, is due to increase in the matrix crack density
and delamination.

The axial stress amplitudes applied to the laminate during biaxial out-of-phase

tension-torsion (Type II) loading were also beyond the critical value of 128 MPa for
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the first ply failure by in-plane shear. Even so the applied shear stress amplitudes
were much below that for the first ply failure by longitudinal compressive failure or
transverse tensile failure. Unlike the samples subjected to Type I loading, discussed
in the previous paragraph the samples that failed under Type II loading exhibited
negligible delamination. The magnitude of permanent shear strain was much below
that observed in Type I loading, supporting the suggestion made in the previous para-
graph relating the permanent shear strain with delamination. The pseudo-necking
observed in samples in Figure 4.56 suggest that the increase in the matrix crack den-
sity, due to in-plane shear failure, is the reason for the observed trend in the axial
and the shear moduli, in Figures 4.32 and 4.33. This is similar to the trend observed
for uniaxial tensile (Type IV) loading. However, the magnitude of axial permanent
strain, for a given stress amplitude, was higher than that recorded for uniaxial tensile
fatigue, suggesting a greater extent of damage. This appears to be corroborated by
the difference in the failure pattern; while all samples, subjected to Type IV uniaxial
tensile fatigue, failed near the grip (see Figure 4.40), the failure surface in samples
subjected to Type II loading extended from the grip region towards the gage section
with increase in stress amplitude (see Figure 4.56). For example, one half of the
Sample 17 in Figure 4.56 exhibits a serrated failure surface, which is indicative of
matrix cracking parallel to fibers in one ply group (say [—45] plies) and fiber fracture
in another ply group (i.e. [+45] plies. Samples 18 and 21 exhibit matrix cracking and
fiber failure on outer [+45] plies, which was not observed in Sample 17 subjected to
lower stress levels, as well as in any of the samples subjected to uniaxial fatigue. The
fiber failure on the outer [4+45] plies observed in Figure 4.56 clearly points to tensile
fiber failure.

While the applied out-of-phase shear stress amplitudes did not influence the first-
ply failure, it appears to have influenced the subsequent damage progression and final

failure, resulting in a fatigue life less than that for uniaxial tensile fatigue. This is in
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contrast to Type I loading wherein the applied in-phase shear stresses increased the
fatigue life with respect to uniaxial tensile fatigue.

The axial stress amplitudes applied to the laminate during biaxial out-of-phase
torsion-tension (Type III) loading were below as well as beyond the critical value of
128 MPa for the first ply failure by in-plane shear. However, the applied shear stress
amplitudes were much below that for the first ply failure by longitudinal compressive
failure or transverse tensile failure. Yet, applying the torsional stresses prior to ap-
plying the tensile stresses reduced the fatigue life for a given tensile stress amplitude
to a substantially lower value than the fatigue life for the other four types of load-
ing. The drastic degradation of the axial modulus observed in Figure 4.32 suggests a
greater extent of damage than observed in other loading types, which appears to have
reduced the fatigue life substantially. While the final fracture was concentrated along
a single plane at higher loads (Samples 19 and 23 in Figure 4.62), the final fracture
plane was relatively diffused over a larger area at lower stress values (Samples 18,
22, and 24 in Figure 4.62). While the axial permanent strain increased with applied
tensile stress amplitude similar to Type I loading, it decreased suddenly at 175 MPa.
Similarly, while the permanent shear strain increased with stress amplitude, similar
to Type I loading, the sign of this shear strain suddenly reversed at higher stresses
(Samples 19 and 23 in Figure 4.62). Application of torsion prior to tension appears to
have influenced the damage progression and final failure the greatest and the reasons
for this are not known.

In summary, the S-N curves for all five loading types are plotted together in
Figure 4.31. The fatigue behavior under uniaxial torque is not as well-behaved as the
fatigue behavior under other four loading types. This is believed to be a result of the
longitudinal compressive failure, which can be influenced by a wide range of factors.
While an in-phase torque, superposed on to the tensile load, extended the fatigue life,

an out-of-phase torque, superposed onto the tensile load, reduced the fatigue life, with
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respect to uniaxial fatigue life. An out-of-phase torque applied prior to the tensile
load had the most impact on the fatigue life, when compared to the torque applied
after the tensile load. These results clearly establish the effect of load path on the
fatigue life of composites under biaxial loading. A clear dependence of degradation in
axial and shear modulus with load path is observed, which appears to be related to the
difference in damage progression and final failure rather than the difference in damage
initiation. The damage initiation for Type I to IV loading is through in-plane shear
failure of the plies. However, other damage modes such as fiber failure, delamination,
and transverse failure are likely to have been introduced during damage progression
and final failure. Since the magnitude of shear stresses superposed onto the tensile
stresses are less than the critical values for damage initiation through other modes,
these stresses are believed to have influenced the damage progression and final failure.
The exact role played by these shear stresses as well as the sequence of application
of these shear stresses (i.e. load path) on the damage progression and final failure is

not understood at this time and requires further investigation.
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Conclusions

The fatigue behavior of thin walled [£45]ss graphite fiber composite tube was ex-
perimentally studied at room temperature under uniaxial and biaxial loading. The
uniaxial fatigue tests determined the fatigue life of the tubes under various amplitudes
of tensile and torsional loads. The biaxial fatigue studies determined the fatigue life
of the tubes under various amplitudes of combined tension-torsion loads. While the
proportion of tensile to torsional loads was maintained at 118m~! (the corresponding
ratio of tensile to shear stresses was 3), the loading path was varied by changing the
sequence of application of the tensile and torsional loads and the phase difference
between them. Type I loading involved in-phase tension-torsion loading. Type II
loading involved out-of-phase tension-torsional loads. Type III loading involved out-
of-phase torsion-tension loading. All fatigue tests were done at a R ratio of 0 and
a frequency of 3 Hz. Damage progression during fatigue was monitored through the
degradation, in the axial and the shear modulus of the laminate as well as the per-
manent axial and shear strains in the laminate, with fatigue cycles. Using this data
on damage progression and uniaxial fatigue, the effect of load path on the biaxial
fatigue of the chosen composite laminate was evaluated. Therefore, it is concluded

that all the four objectives of the thesis, outlined in Section 2.1 have been successfully
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achieved.

5.1 Summary

A summary of accomplished tasks are presented below:

(1) Quasi-static testing of unidirectional lamina and the [£45]5, laminate was com-
pleted to determine the tensile and the shear properties of the lamina and the

laminate.

a. The lamina properties were used along with the lamination theory to predict
the laminate stress-strain curve, which was compared with experimental results
to delineate the critical laminate stress levels above which damage initiates and

propagates.

b. These critical stress levels were used to define the fatigue stress amplitudes for

uniaxial and biaxial fatigue testing

c. The lamina properties were also used with a maximum stress criterion to
define the failure envelope and the first-ply failure modes under tension and
torsion, which were subsequently used to interpret the damage progression

during fatigue loads

d. The laminate fractured under tensile loading exhibited pseudo-necking that is

indicative of damage within the plies of the laminate.

e. The fracture pattern observed in the failed laminate specimens under tensile
loading was different from that observed under torsional loading due to differ-

ence in failure modes.

f. Axial compressive strain due to torsional loading of the laminate was observed

due to machine coupling.
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(2) Uniaxial fatigue testing of the tubes under tensile and torsional loading was com-

pleted to determine the S-N curve and the damage progression during fatigue.

a. While the fatigue life under tensile fatigue loading increased with decrease in
the stress amplitude, the fatigue life under torsional loading did not follow a

trend.

b. The axial permanent strain increased with increase in the tensile fatigue load
amplitude and the number of fatigue cycles. The axial modulus degraded
initially and then subsequently increased to a plateau value, with increase in
the number of fatigue cycles. The rate of degradation increased with increase
in stress levels. The failed samples exhibited pseudo-necking, the magnitude

of which increased with increase in stress amplitude

c. An apparent increase in the shear modulus of the laminate, under shear load-

ing, was observed with increase in the number of fatigue cycles.
d. The failure patterns observed in the failed samples were similar to that ob-

served under quasi-static testing.

(3) Biaxial fatigue testing of the tubes under combined tensile and torsional loading
was completed to determine the S-N curve and the damage progression during

fatigue. The three loading paths were used.
a. The fatigue life, for a given fatigue stress amplitude, decreased with load path
as follows
i. Type I >Type IV>Type II > Type III

It should be noted that the Type IV corresponds to uniaxial tensile fatigue

loading while the rest corresponds to biaxial loading.

b. The maximum shear stress used in this test was 1/5th the shear strength of

the laminate.
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c¢. Permanent axial and shear strains as well as pseudo-necking were observed in
the fractured samples for all load paths. However, their magnitude varied with

load amplitude and load path.

d. The degradation in the axial modulus with increase in fatigue cycles was similar

for all load paths and was similar to that observed for uniaxial tensile loading.

However, the maximum degradation was observed for Type III loading.

e. . A monotonic decrease in the shear modulus with increase in the number of
fatigue cycles was observed for all three load paths. However, a marginal in-
crease in the shear modulus , similar to the trend observed in uniaxial torsional

loading, was observed during early 10 - 20 cycles.

f. The fracture patterns, observed in the failed samples, differed with load path.

5.2 Final Conclusions

Based on the results detailed in the previous section, the following can be concluded.

(1)

While an in-phase torque, superposed on to the tensile load, extended the fatigue
life, an out-of-phase torque, superposed onto the tensile load, reduced the fatigue
life, with respect to uniaxial fatigue life. An out-of-phase torque applied prior to
the tensile load had the most impact on the fatigue life, when compared to the
torque applied after the tensile load. These results clearly establish the effect of

load path on the fatigue life of composites under biaxial loading.

A clear dependence of degradation in the axial and the shear modulus with load
path is observed, which appears to be related to the difference in damage pro-

gression and final failure rather than the difference in damage initiation.

The damage initiation for Type I to IV loading is through in-plane shear failure of

the plies. However, other damage modes such as fiber failure, delamination, and
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transverse failure are likely to have been introduced during damage progression
and final failure. Since the magnitude of shear stresses, superposed onto the
tensile stresses were less than the critical values for damage initiation through
other modes, these stresses are believed to have influenced the damage progression

and final failure.

(4) The exact role played by these shear stresses as well as by the sequence of ap-
plication of these shear stresses (i.e. load path) on the damage progression and

final failure is not understood at this time and requires further investigation.

5.3 Recommended Future Work

Any future work should focus on the role played by the superposed shear stresses
mentioned in the conclusion point 4 in Section 5.2. Subsequently, this study should
be expanded to include other laminate types, since the laminate sequence would
determine the First-Ply-Failure Mode as well as the sequence of initiation and growth

of various damage modes.
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A.l
Determination of Failure Envelope for [£45]s;
Laminate

Using the lamina properties given in Section 3.1.2 and the sample geometry shown in
Section 3.1.3, the properties were calculated using lamination theory. The laminate
was made up of 8 plies with a total thickness of 1.2 mm. These properties were used

along with maximum stress failure criteria to determine the failure envelope.

A.1.1 Laminate Properties

To calculate the properties for the laminate we define the following terms: N,, N,,
and IV, are the forces in the X and Y directions; M,, M,, and M,, are the moments
in the X and Y directions; €7, €, and 7; are the strains in the X and Y direction; £,
Ky, and K, are the curvatures in the X, Y, and Z planes; and A;;, B;;, and C'ij are

the stiffness terms. Stress-Strain relation for a laminate, given by lamination theory

is:

N, A Aip A Bu Bz Bie €s

Ny Ay Az A Biz Bax B 6;

Ngy _ A Ass Ass Bis DBas Bes| |73 (A1)
M, Biy Bz Bis D Dz Dis K

My Bia By By Dia Dy Do Ry
sz _316 Bos Bgs Dig Dag D66_ Ry

Assuming that the laminate is symmetric

[B] = 0. (A.2)
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Also, given that the laminate is balanced

Substituting Equation (A.2) and (A.3) into Equation (A.1) yields

v
v | |
Ny | |0
M, N 0
M, 0
M,, 0

Which reduces to

M,

Y

M,,

A = Az = 0.

Ap 0 0 0 0 _
A 0 0 0 0
0 Ag O 0 0
0 0 Du D Dig
0 0 D2 Dy Dy
0 0 Dis Do D66_
Ay A 0 €
Ap Ay 0 € (- and
0 0 Aes| |5y
D11 Dig Dig K
Diy Diy Do Ry
Dis Dys Des Ry
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(A4)

(A.5)

(A.6)

The analysis is only concerned with loading the samples in tension and shear, and

does not include any bending. This results in no curvatures, as in-plane and forces

cannot induce curvatures since [B] = 0 and no moments are being applied; thus, only

the [A] matrix for the laminate needs to be calculated. Given that k, =k, =K, =0

the Kirchhoff hypothesis reduces to
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€z € Koy
el (o]
€y €, T 29 Ky (o
o
Vay Yz Ray
(A.7)
€z €,
— o
€y €
(e}
7$y /Yz

It is important to note that Equation (A.1) can be inverted to get Equation (A.8)

€ an G ai b b big| | Na
€ G2 Gp; Gy bz by bys| | Ny
o e (A5)
Ky bin bz big din dig dis| | M,
oy bia bay bag dip dyy das| | My
2] b bxs Do dic das des| | M,

By the same math Equation (A.5) can be inverted and substituted into Equation

(A.7) to get
€ arn aiz 0| | N,
¢, (= |am am 0N, (- (A.9)
Vay 0 0 Qg6 N:cy

The [A] matrix is calculated from the summation of the stiffness maxtrices, [@Q)] of

each ply in the laminate.

A] = / [Qld=. (A.10)
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As the properties of each ply are constant over the thickness, the integral in

Equation (A.10) can be evaluated as a summation shown in Equation (A.11)

K
[A] = [Qlk(z — 21-1). (A.11)
k=1
Assuming that each lamina is in plane stress, the [Q] matrix for each ply is cal-

culated using

Eq vigFEo 0

D D
E
[Q] — yli)E2 % 0|, where D =1 — ﬁl/f? (A.12)

0 0 G

The stiffness matrix is calculated for the [0] ply by substituting values from Table

3.1 into Equation (A.12) and with D =1 — %Vﬁ = 0.9972:
hoomk 210.63 225 0
_ N
@ =[Q=|mez & o|=|22 803 0|x10° 5  (A13)
0 0 Gy 0 0 3.52

The stiffness matrices for the [+45] and [—45] plies are calculated by transforming

stiffness matrix of the [0] degree ply using Equation (A.14)

Qll Q12 @16 Qll Q12 Qlﬁ
Qe Qo Qus| =[T]7 Qo Qo2 Qus [T1] (A.14)

Q16 QQG Q66 QlG Q26 QBG
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where [T,] and [T}] are given by

2 §? 2cs 2 52 cs
Tl=1s & 2| [Il=] s & —es |, (A.15)
—cs ¢s ?— §? —2¢s 2¢s ? — §?

and ¢ and s are defined as ¢ = cos©,s = sin©. O is the transformation angle from
the positive X axis measured positive counter-clockwise.

The [Q]* matrix is calculated as:

59.31 52.27 50.65
. . N
Q¥ = [T,] '[Q°[T] = |52.27 59.31 50.65 ><109W. (A.16)

50.65 50.65 53.54

The [Q]™* matrix is calculated as:

50.31  52.27  —50.65
_ _ N
Q7 = [T,]7QIIT) = | 5227 5931 —50.65| x 10°—. (A.17)

—50.65 —50.65 53.54

Thus the A matrix of the [£45]s5 laminate can be calculated via Equations (A.11),

(A.16), and (A.17) and is given by:

7117 6272 0
- N
[A] = 3" [@(ak — 21) = |6272 7117 0 | X 10° . (A.18)
k=1

0 0 64.25

Where n = 8, and zj, — z,_1 = £ = £Z2mm.
For the [£45]ss laminate using Equation (A.18) in Equation (A.5) defines the

force/displacement Equation:



APPENDIX A. FAILURE ENVELOPE CALCULATIONS 135

N, TL17T 6272 0 €x
N

N, (= 16272 7117 0 | x10°=q ¢ o (A.19)
m

N, 0 0 6425 Yoy

Inverting Equation (A.19) yields Equation (A.20) as

€ 62.92 —55.45 0 N,

m
€ (= |-5545 6292 0 | x107' 4N, (A.20)
Yoy 0 0 1556 Ny

To calculate the effective Young’s modulus and shear modulus for the sample,

Equations (A.21)-(A.23) are used as:

7, = —N,, A.21

7= (A1)
1

O'y = ENy’ <A22>
1

7, = —N,. A2

AR (A23)

Solving for N,, Ny, and N, from Equations (A.21)-(A.23) and substituting them

into Equation (A.9) yields:

€ anH apH 0 o
€ (= |aeH amH 0 |7, (A.24)
1y 0 0 axH| |7

Using the general form of Young’s Modulus, ' = Z, it can be seen from Equation

(A.24) that:
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_ 1
E, = , A.25
P (A.25)
= (A.26)
Y apH’ '
Gy = — (A.27)
Ty - T%H’ .
Uy = — 22 (A.28)
ai
Vyp = — 12, (A.29)
a2

Substituting values from Equation (A.20) into Equations (A.25)-(A.29) yields:

— 1
Ey=—
11 , (A.30)
E, =13.2GPa
— 1
Ey= —x
422 : (A.31)
E, =13.2GPa
_ 1
ny —
gt (A.32)

Gy = 53.5GPa
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Vyoyw = ——
’ N1 and (A.33)
T,y = 0.881
T
T (A.34)
Ty = 0.881

Note that the samples were tested in tension and torsion only. Thus, during tension
testing in the global Y direction F, and v, were measured. However, as the sample
was not tested in the hoop direction, i.e. internal pressure, £, and v,, were not
directly measured. It is noted that the sample is a symmetric cross-ply laminate and

that it is expected that E, = E, and that v,, = vy,.

A.1.2 Failure Envelope

The maximum load in tension and torsion that the sample can take was determined

to select the test parameters. These were determined as follows for a unit tensile load

B 1 Newton
N 2rr

N, 614982
m

using this in Equation (A.20) yields
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€r 62.92 —55.45 0 6.1498
_ _oMm N
€y (= |—55.45 62.92 0 x 10 N 0 m
Vey 0 0 15.56 0
p (A.35)

€x 388.1 x 107

€, (= | —342.1 x 1077

Vay 0

For unit torsional load, setting:
N,, - 1Newt0n-2mete7" _ 2395
27r m
using this in Equation (A.20) yields
€x 62.92 —55.45 0 0
= 10700 al
€ (= |—55.45 62.92 0 | X N 0 T
Vay 0 0 15.56 239
p . (A.36)

€y 0
€y (= 0
Vay 3.721 x 107

The global stresses in the [+45] plies due to unit tension load were calculated
via Equation (A.37) and subsequently transformed to the material coordinate using

Equation (A.38). Note that [T}] is defined in Equation (A.15):
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Oz 611 @12 616 €y
oy (= |Qra Qo Qo €y (207 (A.37)
Tay @16 @26 Qo6 | | Vay
01 Oy
Oy ( — [Ta] Oy <A38)
T12 Try

For tensile loading, substitution of Equation (A.16) and (A.35) into Equation (A.37)

yields

45°ply

45°ply

59.31
52.27
50.65

5141
0

2333

52.27 50.65 388.1 x 1079
N

59.31 50.65| % 10°— { —342.1 x 10~°
m

50.65 53.54 0

(A.39)

Pa

Transforming the global stresses in 45° ply stresses due to the 1 Newton load into

material coordinates yields
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45°ply r
o1 05 05 1 5141
09 =105 05 -1 0 , O
Ti2 —-0.5 05 0 2333
sy (A.40)
o1 4903
o) =4 236 ¢ Pa
T12 —2571

Equation (A.40) implies that failure will not occur in the material 1 direction (i.e.

longitudinal failure) due to the 1 Newton load in the 45° ply if:

Sy < 4903P < St
— 1340 x 10°Pa < 4903P < 2920 x 10°Pa (A.41)

—273kN < P < 595kN

Equation (A.40) implies that failure will not occur in the material 2 direction (i.e.

transverse failure) due to the 1 Newton load in the 45° ply if:

Sy < 236P < S
—169 x 105Pa < 236P < 60 x 10°Pa (A.42)

—T716kN < P < 254kN

From Equation (A.40) failure will not occur in the material 12 direction (i.e. in-

plane shear failure) from the 1 Newton load in the 45° ply if:
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S, < —2571P < S,
—70 x 10°Pa < —2571P < 70 x 10°Pa (A.43)

21kN > P > —27kN

The above equality means that the 45° ply will fail by negative shear if tensile
load is applied; it will fail by positive shear if compressive load is applied.

For the 45° ply substituting Equation (A.16) and (A.36) into Equation (A.37)

yields:

45°ply r
Oz 59.31 52.27 50.65 0
¢V
oy = 152.27 59.31 50.65| X 10°— 0
m
Tuy 50.65 50.65 53.54 3.721 x 1076
45oply (A.44)
O 188487
o, = (188487 ¢ Pa
Tuy 199250

Transforming the 45° ply stresses from the 1 Newton x meter load into material

coordinates
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45°ply r
o1 0.5 05 1 188487
09 =105 05 —1| 188487
Tio —0.5 05 0 199250
ooy (A.45)
o1 387737
09 =4 —10764 ¢ Pa
T12 0

Equation (A.45) implies that failure will not occur in the material 1 direction (i.e.

longitudinal failure) due to the 1 Newton x meter load in the 45° ply if:

Sy < 387737T < St
— 1340 x 105Pa < 387737T < 2920 x 10°Pa (A.46)

—3456N -m < T < 7531N -m

Equation (A.40) implies that failure will not occur in the material 2 direction (i.e.

transverse failure) due to the 1 Newton x meter load in the 45° ply if:

Sy < —10764T < Sy
169 x 105Pa < —10764T < 60 x 10°Pa (A.47)

15701N -m > T > —5574N - m

Equation (A.40) implies that failure will not occur in the material 12 direction

(i.e. in-plane shear failure) due to the 1 Newton x meter load in the 45° ply if:
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S < 0T < S
70 x 105Pa < 0T < 70 x 10°Pa (A.48)

—o0oN -m<T <ooN-m

Next, the global stresses in the —45° plies due to unit tension load can be cal-
culated using the procedure used for 45° ply. For unit tensile load, substitution of

Equation (A.17) and (A.35) into Equation (A.37) yields

—45°ply r
Ta 59.31  52.27  —50.65 388.1 x 1079
N
o, = | 5227  59.31 —50.65| x 10°— ¢ —342.1 x 1079
m
Tay —50.65 —50.65 53.54 0
—45°ply . <A49)
Ta 5141
oy = 0 Pa
Tay —2333

Transforming the global ply stresses due to the 1 Newton load into material co-

ordinates

—45°ply r
o1 0.5 05 -1 5141
P =105 05 1 0
T12 0.5 =05 O —2333
ey (A.50)
o1 4903
09 =4 236 ¢ Pa
T12 2571
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Equation (A.50) implies that failure will not occur in the material 1 direction (i.e.

longitudinal failure) due to the 1 Newton load in the —45° ply if:

Sy < 4903P < St
— 1340 x 10°Pa < 4903P < 2920 x 10°Pq (A.51)

—273kN < P < 595kN

Equation (A.50) implies that failure will not occur in the material 2 direction (i.e.

transverse failure) due to the 1 Newton load in the —45° ply if:

Sy, < 236P < S
—169 x 105Pa < 236P < 60 x 10°Pa (A.52)

—T713kN < P < 253kN

Equation (A.50) implies that see that failure will not occur in the material 12

direction (i.e. in-plane shear failure) due to the 1 Newton load in the —45° ply if:

Sy, < 2570P < S
—70 x 10°Pa < 2553P < 70 x 10°Pa (A.53)

—27TkN < P < 27TkN

For the unit torsional load, substitution of Equations (A.17) and (A.36) into Equa-
tion (A.37) yields
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—45°ply r
o 09.31 5227 —50.65
oy =1 5227 5931 —50.65
Tay —50.65 —50.65 53.54
—45°ply .
Oy — 188488
o, = 188488 ¢ Pa
Toy 199250

145
0
N
X ]_06% 0
3.721 x 107
(A.54)

Transforming the global stresses from the 1 Newton x meter load into material

coordinates

—45°ply r
01

02

T12
—45°ply
01

02

T12

0.5 0.5
0.5 0.5

0.5 —0.5

—387737
10764
0

—1| | —188488
1 —188488
0 199250
(A.55)
Pa

Equation (A.55) implies that failure will not occur in the material 1 direction (i.e.

longitudinal failure) due to the 1 Newton x meter load in the —45° ply if:

Sy < —387736T < S

—1340 x 10°Pa < —387736T < 2920 x 10°Pa

(A.56)

3456N -m > T > —T7531N - m

Equation (A.50) implies that failure will not occur in the material 2 direction (i.e.
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transverse failure) due to the 1 Newton x meter load in the —45° ply if:

Sy < 107637 < Sf
—169 x 106Pa < 10763T < 60 x 10°Pq (A.57)

—15701N -m < T < 15701N - m

Equation (A.50) implies that failure will not occur in the material 12 direction

(i.e. in-plane shear failure) due to the 1 Newton x meter load in the —45° ply if:

S < 0T < Sh
70 x 10°Pa < 0T < 70 x 10°Pa (A.58)

—o0oN -m<T <ooN-m

A.1.3 Failure Mode and Loads for Uniaxial Loading of 45°
ply and —45° ply

Noting that all forces will remain positive in our testing.
Equations A.41, A.42, A.43, A.51, A.52, and A.53 suggest that the first ply failure

would occur during tension in in the [+45] plies if the load exceeds

P> 27T kN (A.59)

The failure will occur by in-plane shear of [£45]; the [+45] ply will fail by negative
shear and the [—45] ply will fail by positive shear.
Equations A.46, A.47, A.48, A.56, A.57, and A.58 suggest first ply failure would

occur during torsion [—45] ply if the load exceeds:
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T > 3456 Newton - meters (A.60)

The failure mode will be by longitudinal compression failure along the fiber direc-
tion. It should be noted that final laminate failure will be at loads higher than these.

Nevertheless, these were used to determine test loads.

A.1.4 Failure Mode and Loads for Biaxial Loading of 45° ply
and —45° ply
[+45] plies

Using Equations (A.43) and (A.48), and properties in Table 3.1.
For longitudinal compressive failure, o = of
4903 P + 387737T = —1340 x 10°Pa (A.61)

Where P is in Newtons and T is in Newton x meters.

For longitudinal tensile failure, o = o}

4903 P + 387737T = 2920 x 10°Pa (A.62)

For transverse compressive failure, o = o§

236P — 107647 = —169 x 10°Pa (A.63)

For transverse tensile failure, o = o’

236 P — 107647 = 60 x 10°Pa (A.64)

(=)

For negative shear failure, 715 = 7
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—2571P = —70 x 10°Pa

o . . +
For positive shear failure, 75 = 7'1(2 )

—2571P = 70 x 10°Paq

[—45] plies

Using Equations (A.50) and (A.58), and properties in Table 3.1.

For longitudinal compressive failure, o = of

4903P — 387737T = —1340 x 10°Pa

Where P is in Newtons and T is in Newton x meters.

For longitudinal tensile failure, o = ot

4903P — 387737T = 2920 x 10°Pa

For transverse compressive failure, o = 0§

236P + 107647 = —169 x 10°Pa

For transverse tensile failure, o = o’

236P + 107647 = 60 x 10°Pa

For negative shear failure, 75 = 7'1(; )

2571P = —70 x 10°Pa

148

(A.65)

(A.66)

(A.67)

(A.68)

(A.69)

(A.70)

(A.T1)
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.. . +
For positive shear failure, 75 = 7'1(2 )

2571P = 70 x 10°Pa (A.72)

Using Equations (A.61)-(A.72) failure envelopes were generated and are used in

Chapters 3 and 4.
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The incremental analysis was used to determine stress-strain behavior of the lami-
nate to highlight the evolution of damage in the laminate during quasi-static loading.
This incremental analysis determines strain in the laminate for a given applied load,
which is incremented in steps, using lamination theory, lamina properties and assum-
ing no damage in the plies. Incremental analysis was used since the shear modulus of

the lamina was a function of strain. The steps of this analysis are discussed below.
Step 1 Read lamina properties, ply layup, ply thickness, Load increment (N)

Step 2 Initialize load per unit width, Ni(n=0), Aij(n=0), aij (n=0), ij(n=0) to be

zero. Here i=x,y,s and n is the counter for load increments.

Step 3 Determine laminate stress

) - N
0 (n> " Laminate thickness

Step 4 Determine laminate compliance for the chosen laminate sequence
Aij(n) = > Qij(n)ty
k=1
-1
a;j(n) = Ay(n)

€x(n) Azz(n) agy(n) 0 N.(n)
Step 5 Determine laminate strain § e,(n) ¢ = |az,(n) ay,(n) 0 Ny(n)
Vay (M) 0 0 ass(n)| | Ns(n)

Step 6 Is Ni(n) = N desired?

If No, N;(n +1) = N;(n) + AN

If yes, output the stress and strain.

The load increment used in this analysis was calculated to provide a stress increment

of 1 MPa.
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