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ABSTRACT

Aninvestigation of the effect of R-ratio on the mode Il fatigue delamination of AS4/3501-6
carbon/epoxy composites has been undertaken. Experiments have been performed on end
notched cantilever beam specimens over a wide range of R-ratios (-1 <R <0.50). The measured
delamination growth rate data have been correlated with the mode II values of strain energy
release rate range (AGy;), maximum strain energy release rate (Gy,,..,) and stress intensity factor
range (AK}). The growth rate is dependent on the R-ratio over the range tested. For a constant
level of AGy;, the crack growthrate decreases with increasing R-ratio. A similar trend is observed
when the data is plotted as a function of G,;,.... The effect of plotting the growthrate as a function
of AK}, is to produce an R-ratio dépendence opposite to that obtained by either the AG, or G ..,

approach. For a constant level of AK,, the crack growth rate increases with increasing R-ratio.

Master equations which completely characterize the fatigue behaviour as a function of
AGy and AK); have been derived, based on the observation that the growth rate law exponent,
nand constant, A are unique functions of R-ratio. Values for n are surprisingly large and increase

with increasing R-ratio whereas values for A decrease with increasing R-ratio.

The effect of time-at-load has been considered in an attempt to explain the existence of
the R-ratio dependence of the growth rate. The correct trend can be established for the exponent,
n but not for the constant, A. Friction between the crack faces, particularly at higher R-ratios,
is proposed as a possible explanation for the observed anomaly. Further evidence of a frictional
mechanism operating at higher R-ratios has been discovered through a postmortem fracture

surface examination.

“Additional fractographic observations are presented over the entire range of R-ratios

tested. Inregions subjected to negative R-ratio cycling, there is no evidence of the characteristic



iii
mode II hackle features. Instead, ioose rounded particles of matrix material are found. An
extensive amount of hackling is observed in regions subjected to low positive R-ratio cycles.
The extent of hackle damage visibly decreases in areas where higher levels of R-ratio are
imposed. A correlation between the general fracture surface morphology and the fatigue data
provides support for the hypothesis that energy for delamination is always available in sufficient
quantity, and that growth is dependent on the stresses ahead of the crack tip being sufficiently

high.
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1 INTRODUCTION
1.1 Background

A considerable amount of attention has been focused on fibre reinforced composites as
the need for stronger and lighter structures has become more prevalent over the last several
decades. Infact, the attractiveness of laminated composites led to their use as structural mﬁterials
in the aerospace industry from as early as 1953 when the Martin Marietta Corporation began
manufacturing filament wound glass/epoxy rocket motor casings. In 1968, the McDonnell
Douglas Corporation experimented with the use of boron/epoxy rudders on some of the last
production models of the F-4 Phantom. These successes in conjunction with the emergence of
carbon/epoxy technology led to increased confidence in the use of composite systems in regular
production fighter aircraft such as the F-15 Eagle, F-18 Hornet and AV-8B Harrier, and
commercial aircraft such as the Boeing 727, 737, 757 and 767.

The most influential feature governing the choice of material and form of construction
for any aircraft component part is its structural integrity classification. This falls into three
categories: primary structures whose failure would seriously endanger the aircraft (typical
components are wing, tail unit and main flaps); secondary structures whose failure, while not
being catastrophic, would permit continued flight, but with a seriously restricted flight capability
(these components are represented by control surfaces such as ailerons, rudder and some engine
nacelle components); and non-critical structures whose failure have no safety implications and
only minor effects on flight performance and handling chmacteﬁsﬁcs (streamline fairing
structures and small access doors are eiamples of these types of components which are generally

subject to low loadings by definition) [1].
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Currently, composite materials are no longer solely reserved for use as the occasional
panel blended in to reduce weight. A broad range of materials and structures are used in
applications extending from non-critical fairings to components which require the integrity of
primary structures. Horizontal and vertical stabilizers, wing skins, spars, ribs and a variety of

avionics panels and doors represent the new structural applications for composites [1].

Airbus Industrie makes extensive use of composites in the tail section of the A320
commercial airliner where both the horizontal and vertical stabilizers are mainly carbon/epoxy.
Research at Airbus is currently being conducted on metal fuselage replacement feasibility. An
aluminum alloy fuselage lasts about two minutes in a post crash fuel fire, after which collapse
and melting may occur. The Federal Aviation Association would like to see fuselages last five

minutes. Airbus has evidence from panel tests that a composite sandwich fuselage could last

50 minutes [2].

An interesting advantage of aerospace structures made from composites is the iterative
weight saving capability these materials possess. If a structural weight of one ton is saved
through the use of composites, then the take-off weight of the aircraft is reduced by 1.52 tons
due to reduced fuel consumption. This allows for a redesign of the structure saving another
0.12 tons which feeds back into the system giving a final reduction in take-off weight of 1.74
tons. This effect is quite significant when the associated monetary savings is also considered.
A weight reduction of 1 kg translates to a savings of about $1000 (U.S.) over the life of the

aircraft, depending on the use and cost of the part [2].

1.2 Motivation

The increasing use of laminated composites in primary and secondary structural

components in modern aircraft has necessitated the characterization of the failure mechanisms
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of these materials. One of the most frequently encountered defects in exposed composite aircraft
structures is delamination. Delamination is the inability to resist defect initiation and subsequent
crack growth in the interlaminar plane, i.e. between the layers of the composite laminate. The
characterization of delamination is therefore fundamental to the evaluation of composites for

durability and damage tolerance.

A large number of tests have been conducted over the years in order to establish a
framework for damage tolerant design for isotropic materials such as metals and polymers.
Close to $1 billion (U.S.) a year is currently being spent worldwide on fatigue testing alone to
provide the data base for metal fatigue design [3]. Unlike metals, composite laminates possess
the capability of being fabricated into many different stacking configurations. At the design
stage, only a limited amount of testing is possible due to the cost. This decreases the likelihood
of the establishment of a comprehensive data base on the fatigue behaviour. For this reason,
researchers are interested in developing a formulation for predicting the full scale structural
damage tolerance based on coupon testing and analytical considerations [4]. The objective is
to develop a cumulative damage model for predicting the evolution of damage growth in
composite laminates subjected to a mechanical loading scheme representative of that found in

service.

The data base approach however, is nevertheless an important aspect in the
characterization of the delamination of composites as attested by the large attention it has been
given in recent years (e.g. [5]). The generation of a data base is linked to the development of
a fracture mechanics methodology which may assess defect criticality and predict fatigue crack

growth rates, so that appropriate repairs can be made in a timely manner {6].
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The purpose of the current investigation therefore, is to both generate new fatigue data

on carbon/epoxy composites through the examination of the effect of R-ratio on the shearloading
of delaminated unidirectional specimens, and attempt to explain the results in a framework that

will allow the development of a damage tolerant methodology.

The response of the composite system to the R-ratio variable (a ratio of the minimum to
maximum stress in a fatigue cycle) will provide valuable insight into the failure mechanisms
involved. As aresult, a sound data base coupled with a mechanistic understanding of fatigue

failure might evolve.



2 APPROACH
2.1 Basics

Consider the schematic of a typical composite laminate shown in Figure 2.1. Layers of
unidirectional ﬁbres>in aresin matrix are stacked at various orientations relative to one another
and cured under heat and pressure. The laminate strength is determined by the particular order
and orientation of fibres in the principal material directions. Optimization of the laminate
strength, stiffness, weight and/or thermal expansion is possible once the applied stresses are

known.

W\\*f\ o

o

Figure 2.1 Schematic representation of typical composite laminate [7].

The in-plane strengths of the laminate shown in Figure 2.1 is therefore a function of the
orientation of the fibres in the x-y plane. The strength in the z-direction is determined primarily

by the strength of the weaker matrix material. Laminates are typically not designed to support
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out-of-plane loads, but this is often unavoidable due to design constraints. Load path
discontinuities such as those shown in Figure 2.2 result in significant stresses in the z-direction.
These interlaminar normal and shear stresses inevitably lead to delamination. A delamination
is not necessarily a serious failure under tensile loading as there are often redundant load paths
through the laminate. A delamination subjected to compressive stresses however, results in a
decrease in the laminate thickness and a significant reduction in the critical buckling load of

the component.

~ Bond Bolted
joint joint

Figure 2.2 Sources of out-of-plane loads from load path discontinuities [8].

To simplify the analysis of the resistance of a composite structure to delamination, the
stresses at the delamination or crack tip are viewed as a superposition of three pure mode loadings
as shown in Figure 2.3. Mode I, which is known as the opening mode, results when the surface

of the delamination is displaced normal to the defect plane. Mode II is known as the sliding
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shear mode and is characterized by crack surface displacements in the plane of the crack and
normal to the crack front. Finally, Mode III or tearing shear mode results when the crack surfaces

are displaced in the plane of the crack and parallel to the crack front.

MODE | MODE 1 MODE It
Tension ' Shear Shear
(Opening) (Sliding) (Tearing)

Figure 2.3 Delamination fracture modes [8].

2.2 Linear Elastic Fracture Mechanics

Linear elastic fracture mechanics (LEFM) is used extensively in the failure prediction of
metallic structures. When a crack in a plate reaches a certain size the stress intensity factor X,
which is a function of the load, loading geometry and crack size, exceeds the fracture toughness,

K, and failure occurs as the crack propagates, separating the plate into two pieces.
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The principle of an elastic stress field in a cracked body is well documented in the literature
(e.g.[9,10]). Based on the orientation shown in Figure 2.4, the local stress field for a crack of

length 2a in an infinite body may be expressed as

__K_ @1
%= o

where K is the stress intensity factor and is equal to oVra for a centre-cracked infinite panel,

r is the radial distance from the crack tip and f;(0) represents a function which describes the
dependence of the stress magnitude, ¢ on the 0 direction. It is evident from equation (2.1) that
the local stresses tend to infinity approaching the crack tip. This singular stress state does not

occur in reality as plasticity at the crack tip keeps the stress level finite.

Figure 2.4 Crack tip stress field in an infinite plate.
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The difference between two cracked components is represented by a change in the
magnitude of K, which is a function of the configuration of the cracked components and the
type of applied loads. Stress intensity solutions exist for many different crack geometries (e.g.

[11D.

The applicability of LEFM to the fracture and failure of composite materials has been an
issue of great importance and controversy over the past two decades. It is not clear whether
LEFM is applicable to the in-plane tensile loading of composite materials [12-14]. Evidently,
the experimental characterization of the in-plane fracture toughness of composites can be quite
complicated because self-similar crack growth, which occurs in homogeneous isotropic
materials, usually does not occur in composite materials. In addition, fracture toughness tests
cannot be interpreted easily resulting in time consuming analysis. For example, the approach
described in Ref [12] approximated a flaw using a center crack in a 90° unidirectional plate
under tension. Unstable crack growth resulted, leading to catastrophic failure producing only

one data point.

However, considerable data exists on the application of LEFM to delamination growth in
composite laminates. Contemporary interlaminar fracture tests typically use a thick (24 ply or
more) unidirectional composite specimen with a Teflon insert at the midplane as a starter crack.
The crack is grown by subjecting the specimen to a bending load to induce shear or by wedging
the crack open to induce tension. The results are intefpreted using the strain energy release rate
approach, as described in the next section. In general, the data reduction is much simpler than
for in-plane fracture testing. Several examples of these tests include the double cantilever beam
(DCB) test (mode I), the end notched flexure (ENF) test (mode II), the end notched cantilever
beam (ENCB) test (mode II) and the mixed mode flexure (MMF) test (mixed modes I/IT).
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2.3 Energy Method

The LEFM approach for characterizing delamination growth in composite materials is
based on the strain energy release rate, G rather than the stress intensity factor, K. This is due
to problems with anisotropic theory which predicts that the stress intensity singularity at the
crack tip is in general a function of the orientation and moduli of the adjacent composite layers
and is not only of a simple r"* form as shown in equation (2.1). In fact, equation (2.1) possesses
an oscillatory component for many lay-ups [15]. This is physically impossible as it implies that
the crack faces interpenetrate. On the other hand, the strain energy release rate is mathematically

well defined and is easily related to measurable quantities.

The Griffith energy criterion for fracture [ 16] can be interpreted to mean that crack growth
can occur if the energy required to form an additional crack of size da can just be delivered by
the system. The energy balance corresponding to this statement for a plate of unit thickness

may be expressed as

dF-U)_dW @2)
da  da

where F is the work performed by the external force, U is the elastic energy stored in the body
and W is the energy for crack formation. The strain energy release rate or crack driving force,

G and the crack resistance, R, are defined as

G=d(F—U) 2.3)
da
aw ‘ 2.4)

o)
I
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Consider a cracked plate of thickness b subjected to a load P as shown in Figure 2.5. The

elastic energy contained in the cracked plate is

1o 1, @25)
U—2P8—2CP

where P is the applied load, d is the resulting displacement and C is the compliance (C = §/P).
When the crack increases in length by da, the work done by the external force is

F=Pd&=Pd(CP) (2.6)

The strain energy release rate can therefore be written as

G=l Pd(CP)_ld(CPZ) 2.7
b da 2 da
which may be differentiated to yield
2 2.8
¢ P2 @s8)
- 2b\ da

It is important to note that the strain energy release rate is independent of whether or not
the load is constant and is always equal to the derivative of the elastic energy for small crack

lengths, i.e. da. Mathematically, this may be expressed as

gol(au) __1fdu 2.9)
“b\da ), bl\da )

At constant load U increases and at constant displacement U decreases.
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P

Figure 2.5 Elastic plate containing a crack.

The strain energy release rate may also be derived graphically. Consider the
load-displacementdiagramrepresented in Figure 2.6. When the load is fixed and crack extension
occurs, the displacement increases and the strain energy release rate may be visualized as the
area of triangle OAE. When crack extension occurs under fixed displacement, the load drops
and the strain energy release rate is represented by the area of triangle OAB. For infinitely
small da, the small triangle AEB can be neglected and areas OAE and OAB are equivalent.

Thus the energy available for crack growth is the same in both cases.
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Figure 2.6 Load-displacement diagram.

2.4 Fatigue

The performance of composite materials is typically assessed by considering parameters
suéh as the stiffness, strength and fatigue life. Stiffness is predicted by a mechanics of solids
approach or through the extension of Hooke’s Laws for isotropic materials via laminated plate
theory. Strength is predicted with the application of a failure criterion such as the Tsai-Hill
criteria [17]. This theory was derived by Tsai [18] from a yield criterion for anisotropic materials
originally proposed by Hill [19]. Under cyclic loading conditions, composite fatigue life is
based on the reduction of stiffness and strength over time due to delamination, matrix cracking
and fibre breakage. Of these damage mechanisms, delamination growth is considered to be the
most detrimental [6]. Since a delamination can be regarded as a crack, the application of an

LEFM methodology to fatigue life prediction makes sense.
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It has been proposed [20] that for delamination growth in composites, fatigue life be
separated into initiation and growth. Based on the assumption that all materials contain initial
flaws in the form of material discontinuities or manufacturing defects such as voids, inclusions
or broken fibres, it follows that in service these flaws initiate as delaminations or matrix cracks.
Upon initiation, a delamination will grow and obey some growth law. Since LEFM applies,

life prediction may be based on a slight modification of the Paris Law [21]

da _ ) (2.10)
TN =AGK)

where AK may be replaced by the cyclic strain energy release rate range, AG [22].

The characterization of mode I fatigue delamination has received considerable attention
in the literature [e.g.6,22-24]. These studies have shown that correlations between measured
delamination growth rates and the corresponding strain energy release rates result in a power
law relationship of the form of equation (2.10). Similar results have been reported for mode IT

cyclic loading [e.g.6,25,26].

Attention has recently been focused on the effect of R-ratio on composite fatigue
delamination [6,25,27-31]. The R-ratio is defined as the ratio of the minimum to maximum
stress of the fatigue cycle (see equation (2.13)). For metals, equation (2.10) does not fully
represent reality as actual data tends to fall on an S-shaped curve such as the one shown
schematically in Figure 2.7. When the R-ratio is non-zero, the stress intensity range, AX is no
longer sufficient in describing the stress state at the crack tip over the entire range of AK. In
fact, the power law relationship for fatigue crack growth in metals is usually characterized by

specifying any two of the following parameters: K,,.., Kiny Kpeans AK , R Where

AK =K, -K., (2.11)

min
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Kmin + Kmax (2 12)
Kmean =%
2
Omin K min (2 1 3)
R = =
Gmax Kmax
The following is therefore true,

da (2.14)

—v =HAK,K,,) = f(AK,R) = (K,

= R
dN max )

The relationship described in equation (2.14) is particularly significant at low and high AKX as

showninFigure 2.7. Atlow AK (region 1), crack propagation is slow and approaches a threshold
value below which there is no measureable growth. At high AKX (region 3), the crack growth
rate tends to infinity as the crack length approaches the critical size, i.e. when K., equals K.
Attempts have been made to modify equation (2.10) to reflect these trends, but the majority are
only reasonably satisfactory in a limited region for limited sets of data. This is a reflection of
the fact that any modification is in essence an empirical modification. The most notable of these

is the Forman equation [32]

da _ AAKY (2.15)
dN  (1-R)(K.—Kpa)

For metals, at AK levels near the threshold region (region 1 in Figure 2.7), crack closure

causes an R-ratio dependence of the growth rate. Crack closure occurs when the elastic
surroundings exert compressive stresses on the plastically deformed material at the crack tip
[9]. Although the effect of crack closure on unidirectional carbon/epoxy composites is

negligible, there still exists evidence of a dependence of growth rate on R-ratio in the power
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law region (region 2 in Figure 2.7).
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Figure 2.7 Schematic variation of fatigue crack growth rate with stress intensity range in
steels [33].

Previous studies [27,28] on several different carbon composite systems (AS4/PEEK,
T300/914C, T300/P305) tested in mode I showed that at a constant level of AK, the crack growth
rate increased with increasing R-ratio. Plotting the crack growth rate data as a function of AG
however, showed no effect of R-ratio for T300/914C specimens, whereas the crack growth rate
decreased with increasing R-ratio at a constant AG for T300/P305 specimens [28]. These
differences were attributed to the nature of the two resins resulting in dissimilar fatigue crack

propagation mechanisms as observed in a postmortem analysis. The fracture surface features
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on the specimens that showed no effect of R-ratio on growth rate as a function of AG indicated
the existence of a purely matrix fracture dominated failure mechanism. In instances where

R-ratio affected the growth rate, a fibre/matrix interfacial debonding mechanism was observed.

Mode 1 tests carried out on an AS4/PEEK carbon composite system also showed a
decrease in crack growth rate with increasing R-ratio but at a constant level of maximum strain
energy release rate, G, [29]. The reasoning for this observation was based on the difference
in magnitude of AG at different R-ratios. By definition, at low values of R-ratio, AG is higher
in magnitude than at high values of R-ratio even though G,,,, is the same. These results hinted

that perhaps AG alone was the controlling variable for fatigue crack growth.

Interestingly, evidence from the mode I testing of adhesively bonded T300/5208
carbon/epoxy composite joints suggested the same trend [30]. Plotting the growth rate as a
function of G,,,, revealed that increasing R-ratio led to a decrease in growth rate. The same
data plotted as a function of AG however, fell along a single straight line within a scatter band,
independent of R-ratio. Theseresults were not surprising in light of the postmortem observations
made for the T300/914C specimens in Ref [28]. The similarity between crack growth through
an adhesive layer in Ref [30] and matrix fracture in Ref [28] was striking. Not surprisingly,
identical conclusions were inevitable, i.e. that AG alone was the driving parameter for cyclic

debonding.

Although there exists a relatively scarce amount of published _data concerned with the
effect of R-ratio on delamination growth rate in modes II and III, there is at least consistency
in the findings. Work carried out on numerous carbon composite systems (AS1/3501-6,
AS4/2220-3, C6000/F155, AS4/PEEK) indicated that at a constant level of AG, the crack growth
rate decreased when the R-ratio was increased from R = -1 to R = 0 [6,25]. Postmortem

fractography revealed that the micromechanical damage mechanisms controlling crack
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extension were more degrading under conditions of fully reversed shear (R =-1) than at R = 0.
An increase in R-ratio resulted in a similar decrease in crack growth rate but at a constant level
of G,... for AS4/PEEK specimens tested in mode II [29]. Finally, data generated from the mode
II testing of AS4/3502 carbon/epoxy specimens agreed with all the mode II findings, i.e. the

crack growth rate decreased with an increase in R-ratio at constant levels of AG and G,,,,.

For convenience, the above results are presented in Table 2.1 in a format relevant to the
current study. Only the trends generated from the data in each reference are listed. Due to the
existence of a family of curves in many instances, the trend is reported as the net effect of
increasing R-ratio on growth rate at a constant level of the independent variable AG, G,,,, and/or

AK.

Table 2.1 Effect of increasing R-ratio on growth rate, da/dN

Fracture Material At Constant | At Constant | At Constant | Reference
Mode AG G rax AK
I AS4/PEEK - - Increase [27]
I T300/914C | No effect - Increase [28]
1 T300/P305 Decrease - Increase 28]
1 AS4/PEEK - Decrease - [29]
I T300/5208 No effect Decrease - [30]
II AS/3501 Decrease - - [6]
I AS1/3501 Decrease - - [25]
II AS4/2220 Decrease - - [25]
II C6000/F155| Decrease - - [25]
I AS4/PEEK Decrease - - [25]
I AS4/PEEK - Decrease - [29]
m AS4/3502 Decrease Decrease - [31]




19
3 MODE II DELAMINATION TESTING

3.1 Fracture Specimen

An end notched cantilever beam (ENCB) specimen was chosen for mode II delamination
testing due to its simple geometry and ability to grow long stable cracks. Figure 3.1 shows a
schematic of the specimen geometry. The application of an end load results in flexure of the

sample, thereby producing a sliding shear deformation at the crack tip.

Figure 3.1 ENCB specimen geometry.

The ENCB specimens tested wére fabricated at the Defense Research Establishment
Pacific (DREP) from Hercules .AS4/3501-6 graphite/epoxy according to the prepreg
manufacturer’s recommended procedures. A 0.025 mm thick folded Teflon film 35 mm in
length was inserted between the plies at the midplane of each specimen to act as a delamination
starter notch. The 24 layer unidirectional samples were nominally 3.3 mm thick (24), 20 mm

wide (b) and 110 mm long (L).
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3.2 Beam Theory

The relationship between ENCB specimen compliance and delamination length has been

derived previously from beam theory [17] and is represented by the expression

cop L3 GD
° 2EbHW?

where C is the compliance, L is the span length, a is the crack length, E is the flexural modulus,
b is the width and A is the half-thickness of the sample. The constant C, includes the specimen

transverse shear compliance as well as the compliance due to the end gripping fixture.

Differentiation of cquatioh (3.1) with respect to crack length and substitution into equation

(2.8) yields the mode II strain energy release rate for the constant loading case,

94%P? (3.2)
TAEDH

¥4

where P is the applied load. Note that since the transverse shear compliance is independent of

crack length, it has no effect on the strain energy release rate.

- For the condition of constant deflection, the mode II strain energy release rate may be
derived after differentiation of equation (3.1) with respect to crack length and substitution of

the result as well as the definition of P = &/C into equation (2.8) to obtain

C, 3.3)
_ 9(1262(1 —?)
WL +32°)C

Gll

where & is the applied deflection.
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3.3 Crack Growth Stability

Crack growth stability is an important consideration in the fracture testing of composite
mateﬁals. The stability argument is based on the assumption that the critical strain energy
release rate, G, is a true material constant. The criterion states that crack growth must proceed
in a stable manner when the rate of increase in strain energy release rate with respect to crack

length is zero or negative, which is expressed mathematically as

oG < (3.4)

E_O

For the case of mode II testing under load control, differentiation of equation (3.2) with

respect to crack length yields

Gy _ 18aP? (3.5)
da 4Eb*h®

which is always a positive quantity, hence crack growth is unstable.

For the displacement control case, stability is predicted for crack length-to-span ratios
greater than 0.55. This result is derived by differentiating equation (3.3) and solving for crack

length, a as a function of span length, L from the resulting expression, i.e.

aGII_ 9ad? B 9q? : (3.6)
da  2EB*C* L3+3a°

where the term C, in equation (3.3) is neglected for simplicity. The stability criterion for this
case may also be determined graphically. Figure 3.2 shows a plot of Gy versus crack

length-to-span ratio for a family of deflections applied to an ENCB specimen sized exactly as
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outlined in Section 3.1. Atcrack length-to-span ratios less than 0.55, the strain energy available
for crack extension increases, resulting in unstable crack growth. The strain energy release rate
decreases at crack length-to-span ratios greater than 0.55 and thus crack growth is stable. The
fixed deflection condition is experimentally advantageous as it allows for the testing of a large
range of crack lengths for each specimen. For this reason, deflection control is employed in

the current investigation.

Crack length-to-span ratio, a/L

Figure 3.2 Graphical presentation of stability analysis.
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4 EXPERIMENTAL PROCEDURE

4.1 Fatigue Test Setup

Figures 4.1 and 4.2 show the test fixture used in the current work. An aluminum fatigue
jig with a built-in clamp was used to hold the ENCB specimen firmly at one end. A clamped
roller assembly served as the load line application mechanism at the delaminated end. fn order
to minimize the effect of excessively high clamp pressure between the brass rollers, lock nuts
that could be adjusted finger tight were used. Artificially high resistance to crack growth due
to friction between the crack faces was therefore kept to a minimum for each specimen. In
addition, the brass rollers were pivoted on bearings through their midsection so that free side
to side rotation of the delaminated end of the specimen could occur. This reduced the variation

in crack length through the specimen width.

. All samples were tested in an MTS servohydraulic fatigue machine under deflection
control. Loads were measured with a 4448 N (1000 Ib) load cell with electronic amplification
set to x10 (so that full scale was 100 1bs), while deﬂections were measured with a linear variable

displacement transducer (LVDT). The operation of these devices is described in Ref [34].

The MTS fatigue machine was controlled with an IBM PC microcomputer. A 12 bit
resolution Qua Technologies WSB-10C digital-to-analog (D/A) waveform synthesizer board
was used to generate a sine wave to control the deflection at the desired frequency and number
of cycles. The load and displacement data was captured with a 12 bit resolution Data Translation
DT2801-A analog-to-digital (A/D) data acquisition board. Both boards were controlled in real

time with special drivers written for the Lotus Symphony spreadsheet program.
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Delamination crack lengths were monitored on the back edge of the specimen with an
optical travelling microscope. Each specimen was polished to a metallographic finish and coated

with white paint (typewriter correction fluid) in order to facilitate crack length determination.

The ambient temperature and relative humidity of the testing environment was 21°C

(70°F) and 55% respectively.

Figure 4.1 ENCB fatigue test apparatus.
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MTS Tensile grips

4448 N Load cell

Brass rollers

ENCB Specimen \b !
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Fatigue jig

Ram deflection

Figure 4.2 Schematic of ENCB fatigue test apparatus.
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4.2 Data Reduction Techniques

4.2.1 Validity of Beam Theory

Preliminary experiments were performed to establish the validity of the ENCB beam
theory compliance expression presented as equation (3.1). Two specimens were subjected to
a loading regime which consisted of constant amplitude cycling at a frequency of 1' Hz of
sufficient magnitude and duration to grow the delamination a distance of 5 mm. Three slow
ramp cycles at a frequency of 0.2 Hz were then applied and the load and deflection data from
each cycle were captured by the program and stored on hard disk. The compliance for that
érack length was determined from the average of the linear regression coefficients fit to the
three deflection versus load plots. An overload block of no more than 10 cycles at 1 Hz was
then applied to just slightly advance the delamination approximately 1 mm. The delamination
was grown in this manner through a total distance of 50 mm. This produced a series of fringes
on the fracture surface as shown schematically in Figure 4.3, each of which could be associated
with a particular compliance measurement and crack length. Upon completion of the preliminary
fracture test, the specimen was separated into two halves and the crack lengths corresponding

to each visible fringe were measured from the fracture surface.

ENCB specimen \

NV

Teflon insert Crack front fringe

___>>

.
—+»

Figure 4.3 Schematic of fracture surface crack fringes.
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Figure 4.4, which shows a plot of the measured compliances versus the term L*+ 34,
establishes the validity of equation (3.1) as excellent linear agreement is obtained for the data.

Extensive use was made of this linear relationship in the determination of crack lengths during

subsequent fatigue testing. This approach will be presented in a forthcoming section.
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Figure 4.4 Relationship between ENCB specimen compliance and crack length.

As a further check of beam theory, the flexural modulus, E was calculated from the slope
of the compliance calibration curve (equation (3.1)) obtained for each fatigue specimen (see

Table 4.1). For comparison, an independently determined value of flexural modulus for this

material is 131 GPa [35].
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Table 4.1 Experimentally inferred flexural modulus.

Specimen | Modulus,E
(GPa)
F16 127
F17 128
F18 127
F19 116
F20 129

4.2.2 Nonlinear Effects

During the initial stages of testing, evidence of a certain degree of nonlinearity was
observed in the load-deflection behaviour of the ENCB specimen. Figure 4.5 shows an example
in which the response is nonlinear at high applied deflections. Notice also that some hysteresis

exists as the unload portion of the curve deviates slightly from the load-up curve.

Other researchers [36-39] have observed similar nonlinear mode II behaviour and
numerous mechanisms have been proposed. In toughened composites (i.e. composites
containing tougher thermoplastic resins), the observed nonlinearities have been attributed to a
combination of slow stable crack growth preceding unstable crack growth and material inelastic

behaviour in the process zone around the crack tip.

The carbon/epoxy composite tested in the present work is an inherently brittle system and
hence, little matrix yielding is expected at the crack tip. Furthermore, the unloading curve
returns to the origin. A permanent set, which is a definite indication of material inelastic
behaviour, is absent from all the load-deflection curves obtained during testing in this work.

The nonlinear behaviour observed here is very likely due to the large applied specimen
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deflection, especially as it indicates a stiffening of the specimen. In addition, the hysteresis

loop evident in Figure 4.5 is perhaps representative of the energy absorbed in the form of friction

between the delaminated surfaces.

| Figure 4.6 shows the load-deflection plot obtained from the same specimen as in Figure
4.5 but at a lower applied deflection. There is no evidence of hysteresis and the respense is
linear. Thus, during fatigue testing, care was taken to ensure that the compliance measurements
were obtained from linear load-deflection plots. Even in instances where nonlinearity was

unavoidable, particularly at longer crack lengths, the compliance was still obtained from the

linear portion of the curves.

160
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Figure 4.5 Typical ENCB load-deflection curve for high applied deflections.
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Figure 4.6 Typical ENCB load-deflection curve for low applied deflections.

4.2.3 Fatigue Characterization

With the widespread introduction of composite materials into structures subjected to cyclic
loads, it is surprising to discover that to date there is no recommended procedure for cyclic
delamination characterization. Recently, a round robin test program was established to develop
standards for mode I and mode Il static fracture toughness measurements [29]. Testing standards
for fatigue characterization are being developed in a similar manner for the near future. Inlight
of this, the approach taken in the current investigation was adapted from experimental procedures

considered elsewhere in the literature [25-30,36-39].

The ENCB specimen was cycled at a specified R-ratio until the crack advanced
approximately 0.5-1 mm as determined visually with the optical travelling microscope. A

compliance measurement consisting of three single load-deflection data logging cycles was then
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taken and the total number of cycles corresponding to the crack growth increment was recorded.
The R-ratio definition was modified to reflect the fact that all specimens were cycled under

deflection control, i.e.

Suin 4.1)

Crack lengths were determined from a compliance calibration curve of a form similar to
Figure 4.4 but specific to each specimen. This curve was generated for each fatigue specimen
by first matching initial and final compliance values to initial and final crack lengths measured
from the fracture surface at the completion of the fatigue test. These two pairs of points were
substituted into equation (3.1) and the two unknown terms, C, and 1/(2Ebh*) were evaluated.
The crack length corresponding to each periodic compliance measurement was then determined

from this expression.

There are several advantages to using a compliance calibration curve over taking direct
visual measurements to determine crack lengths. Clearly, variations in the crack front through
the width of the specimen cannot be accounted for by crack length measurements taken from
the specimen edge. The compliance method accounts forany crack frontdeviationin an averaged
sense. This may not have been significant in the current investigation as variations in the crack
front only amounted to less than 10% in all samples tested. In addition, the compliance method
may be easily adapted to a completely automated test procedure. A comparison of the two
techniques for two specimens is shown in Figure 4.7. In both instances, the compliance method

matches the visual crack measurements quite effectively.
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Figure 4.7 Comparison of compliance method and visual method for crack length
determination of two specimens.

Earlier it was pointed out that fatigue crack growth in metals is characterized by relating
the growthrate, da/dN to the cyclic stress intensity factor range, AK. For composite materials,
mode II delamination growth is related to the cyclic strain energy release rate range, AG, by an
expression of the form

da : 4.2)

W =A (AGII)'l

where A and n are constants determined from a log-log plot of da/dN versus AG, and where

AG, = Gu Gt main - (4.3)

max
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The delamination growth rates, da/dN were determined by calculating the slope of the

straight line connecting two adjacent points from curves of inferred crack length (calculated
from compliance measurements) versus number of cycles. This adjacent point approximation

has been verified to be reasonable if the delamination length increments are small [29].

The zero and positive shear (R > 0) cyclic strain energy release rate range is derived from

equations (3.3) and (4.3) and is defined as

90"~ )1 - 49
AG, =
o 2b(L* +3a%)C

The determination of AGy, for the negative shear (R < 0) case however, is notintuitively obvious.

For example, major differences seem to exist in the literature in the definition of AGj, atR = -1
[25,40]. One method involves replacing the (8%, — 82;,) term in equation (4.4) with 282, [40].
A common approach is to consider AG;; at R = -1 equal to AG,; at R = 0, i.e. consider 8, equal
to zero in equation (4.4) for both cases [25]. This seems to be a reasonable assumption due to
the nature of the relationship between applied deflection and strain energy release rate range.
Since Gy, is proportional to the square of §, it is positive for both positive and negative shear
loadings. For R = -1 for example, two maxima in G;; of equal value occur during each cycle;
however, for R = 0, there is only one maximum per cycle (see Figure 4.8). In order to eliminate
this two-to-one maxima effect in the current work, all negative shear crack growth rates were
divided by two. Strain rate effects were minimized by setting the fréquency at 1 Hz for the

R =20 tests and 0.5 Hz for the R <0 tests.
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Figure 4.8 Relationship between deflection a?d strain energy release rate for R = 0and R =
An additional complication arises for negative shear tests where R is not equal to -1.
When R = -0.50 for example, (i.e. K,;, = 05K,,,,), the two G;; peaks produced in every cycle
are unequal. In this instance one can consider a single R = -0.50 cycle as being a superposition
of two R = -1 half-cycles as shown in Figure 4.9. Notice that fhe maximum applied deflection
of the first R = -1 half-cycle is twice that of the second R = -1 half-cycle. This translates to a
factor of four difference in G;. It would seem logical therefore, to consider the first half-cycle
as being the controlling cycle for crack growth. Thus, AG,, was calcuiated from equation (4.4)

with J,;, equal to zero and &, equal to the maximum deflection of the first half-cycle.

For convenience, Figure 4.10 shows a simplified schematic overview of the fatigue data
reduction procedure. Any deviations from the procedure outlined here will be dealt with in

subsequent sections.
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Figure 4.9 The generation of an R = -0.50 cycle from the superposition of two R

half-cycles.
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Figure 4.10 Fatigue data reduction schematic.
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5 FATIGUE RESULTS

5.1 Reliability Tests

Prior to examining the effect of R-ratio on delamination growth rates, two specimens were
tested at R = 0 in order to compare the results with previously published data. These preliminary
experiments served as a reliability check for the fatigue testing equipment and data reduction

procedure.

The crack growth rates for these reliability tests were determined from three point
incremental linear regressions along the crack growth curves. As shown in Figure 5.1, data
from the two specimens was combined, and plotted as a function ofAGy,, using logarithmic
scales for both axes. A comparison is made with the results presented in Ref [25] over the same
AGj range. Although some scatter in the growth behaviour is evident, the curve fit agrees with
the published results. The present values of the crack growth parameters, A and n of 5.32 x 107
and 5.17 are similar to those obtained in Ref [25], (2.23 x 107" and 5.79 respectively). It should
be noted that the experimental work in Ref [25] was conducted at the samc.R-ratio (R=0)but
at a higher frequency (2 Hz). In addition, although the resin system vs}as the same, the
reinforcement was provided by first generation AS1 fibres, rather than the AS4 fibres used in
the current work. Further comparison with work carried out by other researchers is difficult

due to the scarcity of published data on mode II fatigue delamination (see Table 2.1).
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Figure 5.1 Mode II fatigue crack growth rate data from reliability tests.

5.2 Effect of R-Ratio ’

5.2.1 Initial Observations

In order to devise an efficient testing schedule, it was first necessary to determine the
general crack growth rate trend as a function of increasing R-ratio. A sample was subjected to
a constant AGy, cyclic loading block sufficient to provide a growth rate of 1 mm in 1000 cycles
at R = 0. Based on the results obtained during the reliability tests (see Figure 5.1), a AG;; of

250 J/m® was chosen.

The sample was cycled at R = 0 for 1000 cycles to give an initial growth of approximately

1 mm. The maximum cyclic deflection required to maintain a AG of 250 J/m® was 11 mm.
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The R-ratio was then changed to R = 0.50 but AG,, was kept constant at 250 Jim?. The crack
Iength was measured optically with the travelling microscope every 200 cycles in order to obtain
the new growthrate. No growth was observed for the delamination under these conditions after

as many as 4000 cycles.

These preliminary results indicated that either the R-ratio affects the crack growth rate
differently than'in metals, or that crack retardation was occuring due to some interaction between
the R = 0 and R = 0.50 blocks. Generally, the application of an overload during the cycling of
materials which exhibit ductility at the crack tip results in a decrease in crack velocity until the
crack grows through the plastic zone created by the overload. The decrease in crack velocity

is related to the residual compressive stress field at the crack tip due to the overload [9,10].

The possibility of crack retardation was investigated next by reducing the R-ratiotoR =
0 and monitoring the growth rate. After 1000 cycles the crack had again grown approximately
I mm, indicating that the behaviour was due to the change in R-ratio. The observed absence of
any retardation effect is in agreement with a previous study [41] conducted on similar material
which claimed that there is insufficient plasticity at the crack tip to give a measurable effect.
The epoxy resin, which is by nature a brittle material, has a characteristically small plastic zone
size. In addition, the presence of closely packed fibres further discourages any permanent

deformation.

The above results seemed to indicate that an increase in R-ratio would give a decrease in
crack growth rate at a constant level of AG;. Therefore, only a limited range of R-ratios,
bounded by a maximum value of R = 0.50, could realistically be examined. Instead of cycling
ata constant AGy;, which scales as 82,, — 8%, cycling was carried outata constant AS = §_, — 8,

min

which is proportional to AK);. Additional testing indicated that a A of 6 mm would provide
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reasonable growth rates for arange of R-ratios from R = 0 to R = 0.50. Values of R-ratio greater
than R = 0.50 resulted in growth rates rapidly approaching single cycle failure for a Ad of 6

mm.

Each specimen was subjected to a series of alternating R-ratios resulting in small crack
growth increments (0.5-1 mm) such that thé growth rate curves were generated in a step-wise
manner. For example, consider the data generated for specimen F16 in Appendix A. Specimen
F16 was subjected to fatigue cycling at R-ratios of 0, 0.25 and 0.50 over a crack length range
of 47.25 mm. Each crack growth increment of approximately 0.5-1 mm at R = 0 was followed
by a similar increment but at R = 0.50 which was subsequently followed by another increment
at R = 0. This procedure was repeated until it was determined that further testing at R = 0.50
would result in catastrophic failure. A new, lower R-ratio was then chosen, i.e. R = 0.25 and
testing was resumed by alternately cycling at R = 0 and R = 0.25. The effect of R-ratio on
delamination growth rate could therefore be monitored while testing was in progress. This also

resulted in the effective use of the large range of crack lengths possible in each ENCB specimen.

5.2.2 Fatigue Crack Growth Rate Laws

In the current investigation, R-ratios ranging from R = -1 to R = 0.50 were examined.
The fatigue data for all specimens tested is presented in Appendix A. The crack growth rate is
plotted as a functioﬁ of AGy, Gy and AKj; in log-log coordinates as shown in Figures 5.2 -
5.4. The data obeys a relationship of the form of equation (4.2). Values for AK}, were obtained

from the following expression:

K

IT'min .

(5.1

max

AK, =K,
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where K} ... and K}y . Were obtained from experimentally determined values of Gy . and Gy pins

and the orthotropic equivalent to K> = EG, as the latter is only valid for isotropic materials. For

the mode II loading case [42]

Kli,; — E"G” (5.2)

where

an q au 2011

and where the a; terms are textbook [43] compliance values for the material. The value for E”

calculated from equation (5.3) was 53.4 GPa. Note that E” in equation (5.2) differs in value
from E’, which is used in K}? = E’G,, and is generally found in the literature. Therefore, equation

(5.3) is correct.

The fatigue parameters, A and n were determined by a linear regression fit to the
experimental data for each R-ratio based on AGy;, Gy, and AK); and are listed in Tables 5.1 -
5.3. Subscripts G, GM and K were used with the fatigue parameters A and » in order to
differentiate between the AGy;, Gymax and AK); correlation respectively. Data points not lying
within a reasonable scatter band based on a visual estimation were censored from the linear

regression fit.

Over the range of AG, tested, there appears to be a large dependence of crack growth rate

on R-ratio (see Figure 5.2). At a constant value of AGy, as the R-ratio increases from R = -/
to R = 0.50, the crack growth rate decreases. A similar result was reported in Ref [25] under
nearly identical testing conditions for just two R-ratios (R =0andR = -1).‘This is also consistent

with the initial results presented in Section 5.2.1 where no growth was observed when the R-ratio
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was increased from R = 0 to R = 0.50. If the R = 0 curve in Figure 5.2 were extended to a AG,
of 250 Jim’, then the expected growth rate would lie roughly between 107 and 107> mmy/cycle.
At the same level of AGy, the growth rate at R = 0.50 should be approximately two decades

lower.

The fan-shaped appearance of the R-ratio curves in Figure 5.2 is due to the effect of R-ratio
on both fatigue parameters, A; and ;. As the R-ratio increases, the slope, n; increases whereas
the intercept, A decreases (see Table 5.1). This effect is in agreement with the results presented
in Ref [25] where ng increases from 3.87 to 5.87 and A decreases from 1.01 x 107 to
2.23 x 107" as the R-ratio changes from R = -1 to R = 0. Interestingly, the same trend is observed

in the mode III characterization of a similar material [31].
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Figure 5.2 Mode II fatigue crack growth rate data based on AG;,.
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Table 5.1 Summary of fatigue parameters based on AG,.

R-ratio Intercept Slope Correlation Data | Frequency
Ag ng Coefficient | Points (Hz)

-1 1.08 x107° 3.21 0.919 11 0.5
-0.50 1.56x 1072 4.09 0.731 1 11 0.5

0 1.92x10™ 6.96 0.897 19 1.0
0.14 127 x10°7% 8.90 0.666 11 1.0
0.25 541x107% 11.1 0.813 24 1.0
0.33 221 %107 12.1 0.900 8 1.0
0.40 8.22x 107 16.8 0.941 6 1.0
0.50 2.95%x 107 20.5 0.825 8 1.0

Figure 5.2 includes several sets of curves for which the effect of R-ratio is nearly identical.
The negative shear data, R = -1 and R = -0.50 are one set and the highly positive shear data, R
= 040 and R = 0.50 are another. The intermediate positive shear data, R = 0 to R = 0.33
constitute a third set. These three sets show significant differences in A; and n,; values as R-ratio
increases. Since the R-ratio represents a measure of the level of mean applied deflection, it is
not surprising that in instances where the R-ratio is similar in magnitude, the resulting crack
growth rates are virtually identical. Larger differences in R-ratio, and hence mean deflection,

are required to make the effect more pronounced.

Intuitively, as the mean deflection level increases with R-ratio, one would expect a
corresponding increase in growthrate. Theincrease in slope, n; therefore is quite understandable.
However, the intercept, A; decreases with R-ratio and the net effect is a decrease in growth

rate, opposite to what is expected.

The log-log plot of crack growth rate as a function of Gy;,,, presented in Figure 5.3 shows

trends similar to those found in Figure 5.2. By plotting the growth rate data as a function of



44
G map the effect of R-ratio is visually intensified as the curves are offset slightly with respect
to Figure 5.2. In addition, the fan-shaped nature of the curves has slightly more significance
when plotted versus G ,,. Although the R-ratio curves in both figures may be extended to a
common intersection point, the intersection point in Figure 5.3 is nevertheless more meaningful
as it represents an asymptote to the critical value of strain energy release rate, Gy, for this
material. Intersection occurs at a Gy ., Of approximately 500 J/m? in Figure 5.3. Val'ucs for

Gy quoted in the literature range from 450 - 630 Jim?’ [e.g. 26,36,38].
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Figure 5.3 Mode II fatigue crack growth rate data based on Gy,
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Table 5.2 Summary of fatigue parameters based on Gy,

R-ratio Intercept Slope Correlation Data | Frequency

Ay Ny Coefficient | Points (Hz)

-1 1.08x10™ | 321 0.919 11 0.5
-0.50 1.56x107™ | 4.09 0.731 11 0.5
0 192x10™" | 6.96 0.897 19 1.0
0.14 1.05x 107 8.91 0.666 11 1.0
0.25 2.65%x107% 11.1 0.813 24 1.0
0.33 5.32x10™ 12.1 0.900 8 1.0
0.40 442 x107 16.8 0.941 6 1.0
0.50 8.18x107%¢ | 20.5 0.825 8 1.0

Crack growth rate data plotted as a function of the stress intensity range AKj, (derived

fromequations (5.1) - (5.3)) is plotted in log-log coordinates and shown in Figure 5.4. Excluding
the négative shear data, there is a dependence of the growth rate on R-ratio; however, the effect
is opposite to that seen by either the AGy, and Gy, approach of Figures 5.2 and 5.3. Ata
constant level of AKj;, as R-ratio increases from R = 0 to R = 0.50, the growth rate increases
(with the exception of the misbehaved R = 0.14 and R = 0.40 data). It is interesting that the
data is less widely separated in AK}, space compared to AG;; or Gy,... Space. As a result, the

trend is less convincing, but nevertheless the opposite of Figures 5.2 and 5.3.

The results of Figure 5.4 are in agreement with the mean stress argument used with metals
and many isotropic materials. The increase in R-ratio implies a higher mean stress at the crack
tip resulting in a shorter life, i.e. a higher growth rate. Work carried out on a slightly different
carbon/epoxy system in mode I shows this trend [28]. The effect of R-ratio on crack growth
rate is reversed when the comparison is switched from a strain energy release rate approach to
a stress intensity approach. Itis interesting to note that the effect of R-ratio on th.e_,:parameters

Ay and ny is the same as on Ag and ng. As before, when the R-ratio increases, the slope, ng
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increases and the intercept, Ax decreases (compare Table 5.3 with Table 5.1). These results are
more effectively visualized in Figures 5.5 and 5.6 which show plots of n;x and Agx versus

R-ratio respectively.

Note that the constant, A; is more sensitive to changes in R-ratio. The net effect of the
decrease in A in Figure 5.6 and the increase in ng in Figure 5.5 is a reduction in crack growth
rate as R-ratio increases for a constant AG;,. However, for a constant AK};, the net effect of the
reduction in Ag and increase in ng is an increase in crack growth rate. This reconciles the

contradictory growth rate trends shown in Figures 5.2 and 5.4.
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Figure 5.4 Mode II fatigue crack growth rate data based on AKj,.
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Table 5.3 Summary of fatigue parameters based on AK -

R-ratio Intercept Slope Correlation Data | Frequency
Ag ng Coefficient | Points (Hz)
-1 1.40x 1078 6.42 0.919 11 0.5
-0.50 2.73%x107 8.18 0.731 11 0.5
0 1.58x 10710 13.9 0.897 19 1.0
0.14 436x 107 17.8 0.662 11 1.0
0.25 2.23x 10712 22.1 0.812 24 1.0
0.33 331x10™ 242 0.901 8 1.0
0.40 3.85x 1077 335 0.941 6 1.0
0.50 2.65x 1077 41.0 0.826 8 1.0
45
w0 4 | As43s01-6 [0],, ¥
L=110mm
35 " AG, o
s 30 O AKy

R-Ratio

Figure 5.5 Experimental variation of slope, ng x with R-ratio.
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Figure 5.6 Experimental variation of constant, A; x with R-ratio.

In Figure 5.5 a factor of two difference exists in the values of n; and ng due to the manner
in which AK}; and AG, are defined. The relatively high values of n; and ny obtained for this
carbon/epoxy system, particularly at high R-ratios is most significant. Typical values of ny for
fatigue crack growth in aluminum and steel range from only 1.5 to 2.5 [44]. A high value of
ng (or ng) implies that a small change in applied deflection (or load) would lead to a large change
in crack growth rate in composites. Fatigue crack growth in composites is therefore more
sénsitive to errors in design load than are typical cracks in metallic structures. This result has
been observed previously [e.g. 29-31,45]. In addition, this sensiti;/ity is greater in brittle
composites than in ductile composites [45]. As a result, the dcsfgn of structural Components
based on a finite life approach against delamination would be a difficult undertaking with brittle
matrix composites. Design alterations or analysis errors could result in a much shorter life than

otherwise expected. For this reason, an alternative method involving an infinite life approach
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has been proposed based on a no-delamination growth threshold, G, [29,31,45]. Values for G,
are obtained by monitoring the number of cycles to delamination growth onset. Itis assumed
that if the delamination does not grow after 1 million cycles, the applied strain energy release

rate is bel_ow the threshold value.

No attempt was made to determine the mode II threshold value of delamination growth,
G 1n the current study. However, the present results have some interesting implications for
combositc design based on an infinite life approach. It has been shown that an increase in
R-ratio from R = 0.10 to R = 0.50 increases Gy, by 43% [29]. Based on a strain energy release
rate approach, this is consistent with the observation that as R-ratio increases, crack growth rate
decreases. The stress intensity approach however, predicts the reverse of this, as shown earlier.
It is therefore conceivable that results opposite to those obtained in Ref [29] may be generated.
A situation may be envisaged whereby for an uncharacterized composite material system, G,
decreases as R-ratio increases, resulting in unexpected crack growth. It should be noted that
the material system tested in Ref [29] was a toughened carbon composite. The implications for

a brittle composite system are expected to be equivalent.

In an effort to simplify design considerations for fatigue crack growth in AS4/3501-6
carbon/epoxy composites, the current fatigue data was re-examined with emphasis placed on
the complete characterization of the observed behaviour. Figures 5.5 and 5.6 provide an
indication that the power law relationship is somewhat more complex than simply a slight
modification of the Paris Law as presented in equatioﬁ (4.2). The fatigue parameters ngx and
Agxare uﬁique functions of R-ratio. Anexpressionrelating these two parametersto R is obtained
by plotting ngx and -log(Ag k) as a function of (1-R) (which scales as the maximum stress) in

log-log coordinates. It would be equally valid to plot the data versus (1+R)/(1-R) which scales
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as the mean stress. It is intuitively unclear as to why both approaches work. Nevertheless,
Figures 5.7 and 5.8 indicate that a linear regression fit to the simpler (1-R) derivation is excellent.

Over the entire range of R-ratios tested, the data based on AG, yields the following results:
ng =1.531-R)™ (5.4)
A= 1072070-R* (5.9
c=

On the other hand, the data based on AK); yields:

n, = 15001 -RY™¥ (5.6)
A =1 0—!9.72(1—1?)‘“”2 : 6.7
(=

The following power law relationships are therefore established:

44 _ 1 grawra-ry® (p g y50-RT (5.8)
d - —RY? : 59
Ea = 10—9.72(1 R)—oxm. (AK”)IS.O(I R) 31 ( )

The effectiveness of the data fit is best judged by a comparison of the pfedicted crack
growth derived from equations (5.8) and (5.9) and the actual experimentally measured growth
rate. Figures 5.9 and 5.10 illustrate that virtually all the data lie within a scatterband centered
about a line representing a slope of unity. Each R-ratio data set seems to have the correct slope,
but deviations in the predicted growth rate as high as two decades are evident within the
scatterband. A slope of unity merely reflects the excellent fit obtained in equations (5.4) and
(5.6) for ngx (see also Figure 5.7). The deviations in abSolute values of predicted growth rate

are due to the constant, A; . Figure 5.8 shows that some scatter does existin the linear fit which
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yields equations (5.5) and (5.7). In addition, A is very sensitive to errors in the experimental
determination of R-ratio. This in turn leads to errors in the predicted growth rates. For example,
at low values of R-ratio, an error in R of 0.01 results in a factor of 2 error in the predicted growth
rate. For a difference of 0.1, an error factor in excess of 400 occurs in the growth rate. This
effect is even more significant at higher values of R-ratio. It would seem reasonable to expect
small errors in R-ratio at the experimental level due to equipment fluctuations as a result of

sudden voltage changes or hydraulic anomalies.
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Figure 5.7 Experimental variation of slope, ngx with (1-R) in log-log coordinates.
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5.2.3 Time-at-Load Considerations
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The effect of time-at-load was considered in an attempt to explain the behaviour of the

fatigue parameters, Agx and ngx with changing R-ratio. Composite materials exhibit time

dependent behaviour in instances where matrix contribution to loading capacity is significant

[46].

- A time-at-load approach considers the amount of time a specimen spends under constant

load and the correspbnding sub-critical crack growth. The total fatigue effect can therefore be
envisaged as being composed of a "true" fatigue méchanism which is represented by fully

reversed shear loading (R = -1) and a time-at-load mechanism. This statement may be expressed

mathematically in terms of crack velocities as
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da) _(da N da (5.10)
dr total - dt fatigue dt time atload

The crack velocity due to true fatigue may be expressed as

gg_ dN da da (5.11)
dt B

where fis the cyclic frequency. Since crack growth rate, da/dN has been shown to be related

to AGy, , then

da) (5.12)
(Z )Mu = fA_(AG,)

where A ; and n ; are experimentally determined fatigue parameters for the R = -1 loading case.
- Based on the observed dependence bf crack velocity on Gy [39] and due to the fact that

time-at-load effects must be related to the average value of G in a cycle, then

da _ (5.13)
aa —B
( dat )u’meaxload (Ctmeen) .

where B and m are experimentally determined crack velocity parameters. Since

da) _1fda (5.14)
dN total —f dr total ’

then substituting equations (5.12) and (5.13) into equation (5.10) and substituting the result into

equation (5.14) yields

B (5.15)

da . "y m
(E )mml =A_(AGy) "+ 7 (Gttmean)
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or, in terms of AGy;

da n, B[ (A+RHAG,Y" (5.16)
fastad =A (A el
(dN )W G+ ( 2(1-R?) )

Compare this equation with the experimentally fitted equation

da _ (5.17)
(E )z tal - A“Pparcnt(AG”) i

where A, zen @nd 7pp,,.n ar€ the same A and 7 used in equation (4.2), but here the subscripts
serve to emphasize the concept that what is considered to be fatigue may in fact be a combination

of "true" fatigue plus time-at-load effects.

It is evident from equation (5.16) that as the R-ratio increases the second term becomes
larger. This disagrees with the experimental results that show a decrease in the absolute value
of the growth rate with increasing R-ratio (when analyzed in terms Qf G;). However, even
though values for B and m are not available for mode II static loading of AS4/3501-6, typically
m > n {39]. Thus the effect of increasing R in equation (5.16) is to increase the apparent value
of n in Figures 5.2 and 5.3 and equations (4.2) and (5.17), where all growth is attributed to
fatigue. |

Equation (5.16), as compared to equation (5.17), predicts the correct trend for ng;x as a
function of R, but predicts an increase in Agx as well. Experimentaily, it is proposed that a
decrease in Ag x leads to either a decrease in growth rate or a slower than expected increase in
growth rate. The only mechanism that might lead to lower absolute growth rates would be
friction between the crack surfaces, leading to lower crack tip stresses and lower "local" G, and

K. This mechanism has been proposed analytically [47] and is discussed further in the next
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section.

5.2.4 Postmortem Fractography

The fracture morphology of a failed component typically provides an indication of the
manner in which fracture occurred. The fatigue fracture surfaces of the carbon/epoxy samples
cycled at different R-ratios were examined to identify the micromechanism for delamination
growth. As a way of introducing the anticipated fracture morphology it is instructive to first

consider the differences between typical mode I and mode II fracture surfaces.

It has been shown that the fracture energy for the delamination of brittle matrix composites
such as AS4/3501-6 is several times greater in mode II (500 J/m?®) than in mode I (100 J/n?)
[48]. In addition, the resistance to fracture increases as the delamination extends under
predominently mode I loading, but remains constant when mode II dominates [48]. Increasing
resistance to delamination is caused by a phenomenon known as fibre bridging which occurs
when the delamination propagates around a fibre, leaving it to bridge the gap between the crack
faces [6]. As the delamination grows, the gap widens and the bridged fibre becomes strained.
Some of the strain energy available for crack growth is thereby diverted away from the crack
tip by the bridged fibre. During mode II fracture, shear loading results in crack propagation on
one side of the matrix layer leading to failure close to the fibre-matrix interface [6]. Ultimately,
in both modes of fracture, the fibres are directly involved in the failure mechanism. Thus,
delamination does not simply involve the tensile or shear failure of a constrained layer of matrix.
The distribution of both fibre and matrix in the interlaminar zone is an important consideration

in thé analysis of the fracture morphology.

Figures 5.11 and 5.12 are scanning electron microscope (SEM) micrographs of typical

mode I and mode II AS4/3501-6 fracture surfaces respectively. Above each micrograph is a
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schematic of the effect of the loading geometry on the interlaminar zone. The mode I fracture
surface shown in Figure 5.11 is composed of bare fibres and fibre shear-out grooves with a very
small degree of matrix deformation as expected due to the brittle nature of this system. The
failure mechanism in this instance is interfacial debonding, which is a low energy absorbing

mechanism.

The mode II fracture surface shown in Figure 5.12 consists of a form of fibre-matrix
interface failure characterized by extensive matrix microcracking. The presence of these matrix
microcracks, or hackles, provides a much more tortuous path for the delamination which results
in a higher fracture toughness for mode II loading over mode I loading. The hackle formation
process is shown schematically above the micrograph in Figure 5.12. The shear stress at the
crack tip may be resolved into tension-compression components at 45° to the plane of the plies
resulting in the formation of matrix microcracks. The delamination extends by the coalescence
of these microcracks which leads to the formation of hackles. Notice that some of the hackles,
particularly in the central region of the micrograph (Figure 5.12), are tilted at an angle relative
to the plane of the delamination. Mode II behavior therefore, is controlled both by the work
required to shear the fibres from the matrix as well as the ease with which tensile failure of the

matrix between the fibres can occur.

SEM micrographs of the mode II fatigue fracture surfaces for different R-ratios at similar
crack growth rates, da/dN, are presented in Figures 5.13 - 5.18. Each micrograph shows the
typical morphology observed for that particular R-ratio. The typicality of the micrographs
shown here waé confirmed by comparing regions of sevcfal fractured specimens which had

been subjected to the same R-ratio.

The negative shear (R < 0) micrographs (Figures 5.13 and 5.14) do not exhibit the hackle

pattern characteristic of mode I failure (compare with Figure 5.12). Instead, the fracture surfaces
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feature loose, rounded particles of matrix material. Itis possible these loose particles are actually
hackles which were torn away and ground up by the mode II sliding motion. In addition, the
delamination seems to have propagated through the matrix in the interlaminar zone, as there is
little evidence of the presence of fibres or fibre shear-out grooves on the fracture surfaces. Since
the shear direction reverses in each cycle during negative shear loading, there would be no
preference for the delamination to move toward either side of the interlaminar zone. Thus, it
is reasonable that the crack propagates through the matrix only. Similar results were obtained

in Ref. [6].

Atlow positive shear values (R = 0 and R = 0.25), the fracture surface contains an extensive
amount of hackles (see Figures 5.15 and 5.16). In this instance, the hackles are intact and are
simply torn from the interlaminar region and strewn across the fracture surface. Evidence of
hackle formation decreases as the R-ratio increases (compare Figures 5.15 - 5.18). This is
perhaps due to the fact that as the R-ratio increases, the contact force between the crack faces
increases, thereby inhibiting hackle formation. Additionally, there is increasing evidence of
fibre and fibre shear-out grooves present as the R-ratio increases, indicating that there is a
tendency for failure to occur at the fibre-matrix interface as the R-ratio increases. This
mechanism is similar to the low energy absorbing mode I mechanism. Hence, it seems that a
brittle-like fracture mechanism operates at higher R-ratios. Figure 5.19 shows the fracture
surface appearance of a mode I failure at the same magnification as Figures 5.13 - 5.18. Note
the similarity between this micrograph and Figure 5.18 which shows the mode II morphology
atR = 0.50.

If an energy based criterion is the limiting requirement for crack extension to occur, i.e.
for new crack surfaces to be created, then the postmortem fracture features should agree with
the energy approach presented in Figure 5.2. Figure 5.2 shows that as R-ratio increases at a

constant level of AGy, the crack growth rate decreases. This implies that more energy is required
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to extend a delamination at higher R-ratios. However, at R = 0.50, no evidence of a higher
energy absorbing mechanism is observed. In fact, the surface features tend to suggest the
existence of a low energy brittle failure mechanism, which supports the stress intensity approach
of Figure 5.4. With this approach a higher growth rate at high R-ratios is consistent with the
more brittle appearance of the fracture surface. At low positive R-ratios such as at R = 0, the
growth rate is low, and consistent with the more energy-absorbing matrix microcracking or
hackling seen on the fracture surface. The resin failure dominated negative shear growth rates

lie between the low and high positive shear growth rates.

Both energy and stress requirements must be satisfied before delamination extension can
occur. In fact, energy and stress are related by equation (5.2); however, the results presented
here suggest that energy is always available in sufficient quantity and that crack growth depends

on the stress state ahead of the crack tip, i.e. stress is the limiting factor.

One mechanism that serves as a reasonable éxplanation for the observed growth rate
behaviour is friction. As R-ratio increases, increased friction between the crack faces due to
an increase in surface contact forces, absorbs energy and effectively lowers the "local" G;; and
Kjat the crack tip. This causes the growth rate to decrease with increasing R-ratio for the AG,
case and correspondingly causes the growth rate to increase slower than it should with increasing
R-ratio for the AK), case. As discussed previously, the fatigue parameter, Agy is largely
responsible for the contradictory growth rate trends observed in Figures 5.2 and 5.4. Equation
(5.10) predicts an increase in Agg With R-ratio whereas experimentally, A;x decreases with
increasing R-ratio. In addition, Figure 5.6 indicates that the effect is more significant when the
data is analyzed in terms of G, rather than K;;. The effect of friction is therefore neatly reflected
in the behaviour of Ag x at high R-ratios. Figure 5.18 shows that at R = 0.50, any existing matrix

damage remains in place due to the higher surface contact forces.
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Figure 5.11 SEM micrograph of typical static mode I AS4/3501-6 fracture surface. Note the
effect of loading geometry on the interlaminar zone [37].



Fibre 61

AW =

Fibre

= fewm e,

ol ¥ 4-“_?'./"r.‘

Figure 5.12 SEM micrograph of typical static mode II AS4/3501-6 fracture surface (R = 0).
Note the effect of loading geometry on the interlaminar zone [37].



Figure 5.13 SEM micrograph of mode IT AS4/3501-6 fatigue fracture surface for R = -1
(da/dN = 3.49 x 10" mm/Cycle).
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Figure 5.14 SEM micrograph of mode IT AS4/3501-6 fatigue fracture surface for R = -0.50
(da/dN = 1.34 x 10 mm/Cycle).



Figure 5.15 SEM micrograph of mode IT AS4/3501-6 fatigue fracture surface for R =0
(da/dN = 3.79 x 107" mm/Cycle).
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Figure 5.16 SEM micrograph of mode II AS4/3501-6 fatigue fracture surface for R = 0.25
(da/dN = 6.54 x 10~° mm/Cycle).
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Figure 5.17 SEM micrograph of mode IT AS4/3501-6 fatigue fracture surface for R = (.33
(da/dN = 1.47 x 10~ mm/Cycle).
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Figure 5.18 SEM micrograph of mode IT AS4/3501-6 fatigue fracture surface for R = 0.50
(da/dN = 4.94 x 10" mm/Cycle).



68

e A T T I T I vt

Figure 5.19 SEM micrograph of mode I AS4/3501-6 fracture surface. The magnification is
identical to Figures 5.13 - 5.18.
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6 CONCLUSIONS

The results of this study on the effect of R-ratio on the fatigue delamination of

unidirectional carbon/epoxy composites support the following conclusions:

(1)  The crack growth rate, da/dN is dependent upon R-ratio over the range of AGy, tested.

For a constant level of AGy, the crack growth rate decreases as the R-ratio is increased
from R = -1.0 to R = 0.50. A similar trend is observed when the growth rate data is

plotted as a function of Gy,.,,.

(2)  Anasymptote representing a reasonable estimate (500 J/m?) for the critical value of strain
energy release rate, G, for the AS4/3501-6 composite system is obtained by extending
the growth rate curves (as a function of Gy,,,) at different R-ratios to a common

intersection point.

(3)  The effect of plotting da/dN as a function of AKX}, is to produce an R-ratio dependence

opposite to that seen by either the AGy, or Gy,.,., approach. For a constant level of AK);,

the crack growth rate increases as the R-ratio is increased from R = 0 to R = 0.50.

(4)  The fatigue growth rate exponent, n is large and increases with increasing R-ratio when
the growth rate data is analyzed with respect to both AG, and AK},;. Values for n, range

from 3.21 to 20.5 and from 6.42 to 41.0 for n.

(5)  The fatigue growth rate constant, A decreases with increasing R-ratio when the growth
rate data is analyzed with respect to both AG, and AK,. Values for A; range from
1.08 x 107 t0 2.95 x 107 and from 1.40 x 107 t0 2.65 x 107" for A¢. The constant A;

is much more sensitive to changes in R-ratio than A,.
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Since the fatigue parameters ng x and A ¢ are uniquely related to R-ratio, master equations
which completely characterize the observed fatigue behaviour as a function of AG, and

AK); are proposed for this material system:

da

e 107207 =Ry ( AG”)7.53(1 —Ry13 6.1

da ~ Ry 0892 _py137 (62)
Zzﬁ:lo_m(l Ry (AK”)IS.O(I R)

The characteristic equations provide an excellent fit to the data with deviations occurring
as aresult of the sensitivity of Ag ¢ to changes or errors in the experimental determination

of R-ratio.

Time-at-load considerations establish the correct increasing trend for # as a function of
R-ratio, but predict a corresponding increase in A. Friction between the crack faces is
proposed as a mechanism which physically lowers the absolute growth rates by affecting

A at high R-ratios.

The negative shear (R < 0) fracture surface morphology does not feature a characteristic
mode IT hackle pattern, but rather, loose rounded particles of matrix material. Inregions
subjected to low positive shear values (R =0), the fracture surface contains extensive
hackling. Evidence of hackle tearing decreases as the R-ratio is increased to R = 0.50,

where the fracture surface resembles a mode I fracture surface.

The delamination propagates through the matrix only for the case of negative shear

loading. In this instance, the shear direction reverses in each cycle and there is no
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preference for the crack to grow toward either side of the interlaminar zone. As the
R-ratio is increased to R = 0.50, there is an increasing tendency for failure to occur at

the fibre/matrix interface.

In general, the fracture surface morphology supports the hypothesis that energy for
delamination is always available in sufficient quantity and that growth depends on the

stresses ahead of the crack tip being sufficiently high.
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7 RECOMMENDATIONS

Regarding future work, the following recommendations are proposed:

Researchers have shown that increasing the matrix toughness of a composite system
reduces the slope, n for both R = -1.0 and R = 0 [25]. As aresult, it would be interesting

to monitor the corresponding effect of R-ratio on tougher systems such as AS4/PEEK.

Other work has shown that increasing R-ratio from R = 0.10 to R = 0.50 increases the
no-delamination growth threshold value of mode II strain energy release rate, G, by
43% for a toughened composite system [29]. An examination of the effect of R-ratio on
Gy for the current brittle AS4/3501-6 system would provide useful information for the

infinite life design approach.

The time-at-load model proposed in equation (5.16) should be tested by obtaining values

for B and m for the AS4/3501-6 system. This work should be tied in with an examination

- of the effect of frequency on growth rate.

The possibility that high contact forces and/or friction may be lowering the "local" G,
and K, at the crack tip, resulting in lower absolute growth rates, should be examined

further.
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APPENDIX A

A tabulation of the data generated in this study of unidirectional AS4/3501-6 carbon/epoxy |
composite specimens is provided in the current section. In the following tables the number of
cycles, "N" is presented as a cumulative tally of elapsed cycles to give the quoted crack length
measurement. "Optical a" refers to the crack length obtained after "N" cycles as measured with
an optical travelling microscope. "Inferred a" is calculated from an expression of the form of
equation (3.1) but specific to each specimen. Compliance, "C" is defined as the achieved
specimen compliance as determined from the average of the slopes of three successive
deflection/load data logging cycles. The mode II strain energy release rate range,"AG," is
calculated from equation (4.4). The maximum mode II strain energy release rate, "Gy,..." is
also calculated from equation (4.4) but with 8,;, = 0. Finally, the mode II stress intensity factor

range, "AK);" is calculated from equations (5.1) and (5.2).



Specimen: F11

R-Ratio: 0

Opu: 11 mm

Length, L: 110 mm
Width, b: 20.02 mm
Thickness, 2h: 3.31 mm

N Optical a | Inferred a C AGy,

(Cycles) (mm) (mm) |(x107m/N)| (I/m?)
5 25.60 30.00 8.07 159.27
4007 27.53 30.35 8.08 162.38
8009 27.53 30.29 8.08 161.91
12011 28.15 26.47 795 127.69
16013 28.15 29.87 8.07 158.05
20015 28.15 29.27 8.04 152.58
24014 28.15 30.35 8.08 162.38
26019 28.15 30.29 8.08 161.91
28021 28.15 28.29 8.01 143.74
30026 28.82 29.68 8.06 156.33
32025 29.48 34.56 . 8.27 201.25
34027 30.36 33.16 8.20 188.36
36029 31.24 31.13 8.12 169.58
38031 31.88 33.53 8.22 191.73
40033 32.52 35.70 8.33 211.73
42035 33.58 36.29 8.36 217.12
44037 34.30 31.97 8.15 177.32
46039 34.49 34.64 8.27 201.98
48041 34.87 34.20 8.25 197.89
50043 35.17 39.41 8.55 244,94
52045 36.44 41.25 8.67 260.62
54547 40.10 44.64 8.94 287.62
55550 | 42.30 46.91 9.13 303.92
56552 47.14 49.02 9.34 317.58
57554 51.17 52.82 9.75 338.21
58556 59.33 59.35 10.6 360.53
59058 65.77 65.64 11.6 366.48
59560 73.30 75.00 13.6 351.51
60062 82.76 83.62 159 320.71
60564 88.59 89.00 17.5 297.06




Specimen: F12 Length, L: 110 mm

R-Ratio: 0 Width, b: 19.92 mm
Omax: 11 mm Thickness, 2h: 3.40 mm
N Optical a Inferred a C AGy,
(Cycles) (mm) (mm) x107°n/N) | (J/m®)
5 28.38 28.99 7.18 166.93

4007 28.38 30.25 7.22 179.74
8009 28.38 31.14 7.25 188.84
12011 28.71 29.95 7.21 176.70 -
16013 29.29 31.17 7.25 189.13
20015 31.04 31.71 7.27 194.75
24017 32.10 33.03 7.32 208.31
28019 35.27 34.77 7.40 226.25
30021 36.60 36.40 7.47 242.84
32023 38.19 38.72 7.59 266.09
34025 40.39 41.60 7.76 293.74
35027 41.50 4351 7.89 311.01
36029 43.96 46.59 8.12 336.56
37031 50.12 52.85 8.70 37791
37533 60.23 63.62 10.1 409.99
38034 91.59 93.50 17.0 311.32




Specimen: F16
R-Ratio: 0, 0.25, 0.50
Omax: 6 mm, 8 mm, 12 mm

Length, L.: 110 mm
Width, b: 19.98 mm

Thickness, 2h: 3.35 mm

N R-Ratio | Inferred a C AGy, Giimax AK},
(Cycles) (mm) x107°m/N)| (/m?® | (/md) (MPa\/r; )
3 0 28.43 7.40 - - -

- 11515 0 40.45 7.95 - - -
204527 0 42.04 8.05 88.78 88.78 2.18
206530 0.50 4303 8.12 280.37 | 373.82 2.23
351539 0 42.63 8.09 96.28 96.28 2.27
351842 0.50 4427 8.21 285.44 | 380.58 2.25
461851 0 45.71 8.32 99.69 99.69 2.31
461884 0.50 46.74 8.40 310.33 | 413.78 2.35
533890 0 48.28 8.54 106.02 | 106.02 2.38
533894 0.50 49.73 8.67 328.79 | 438.39 2.42
583900 0 52.86 8.98 112.81 | 112.81 2.45
584403 0.25 53.36 9.03 197.87 | 211.06 2.52
622409 0 55.46 9.27 119.54 | 119.54 2.53
622665 0.25 56.03 9.34 204.39 | 218.02 2.56
647668 0 57.78 9.55 123.37 | 123.37 2.51
647823 0.25 58.51 9.65 208.96 | 222.89 2.59
670029 0 59.74 9.81 126.04 | 126.04 2.60
670163 0.25 60.68 9.94 211.74 | 225.86 2.60
695169 0 62.34 10.2 127.69 | 127.69 2.61
695263 0.25 63.15 10.3 214.17 | 228.45 2.62
714269 0 64.88 10.6 128.79 | 128.79 2.62
714373 0.25 65.31 10.6 215.16 | 229.50 2.63
728376 0 66.94 109 129.11 |} 129.11 2.63
728490 0.25 67.58 11.0 21498 | 229.31 2.63
744096 0 68.65 11.2 128.84 | 128.84 2.62
744500 0.25 70.02 11.5 214.18 | 228.46 2.62
759505 0 71.08 11.7 127.91 12791 2.61
759659 0.25 72.10 119 212.18 | 226.36 2.61
783665 0 74.36 12.3 126.64 | 126.64 2.60
783769 0.25 74.59 124 208.03 | 221.90 2.58
799772 0 75.89 12.6 124.60 | 124.60 2.58
799926 0.25 76.80 129 205.56 | 219.26 2.57
819929 0 78.15 13.2 122.38 122.38 2.56
820133 0.25 78.75 13.3 20141 | 214.84 2.54
840136 0 79.96 13.6 120.14 | 120.14 2.53
840440 0.25 80.41 13.7 197.71 | 210.89 2.52
870443 0 82.59 14.2 118.05 | 118.05 2.51
870847 0.25 82.94 14.3 191.83 | 204.62 2.48
905850 0 84.51 14.8 114.61 | 11461 2.48
906855 0.25 85.20 15.0 187.22 | 199.70 2.45
946858 0 85.85 15.1 111.30 | 111.13 2.44
947862 0.25 87.15 15.5 183.87 | 196.13 2.43
997865 0 87.70 15.7 108.33 | 108.33 2.41
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Specimen: F17
R-Ratio: 0.25, 0.33, 0.50
Opex: 8 mm, 9 mm, 12 mm

Length, L: 110 mm
Width, b: 20.13 mm

Thickness, 2h: 3.22 mm

N R-Ratio | Inferred a C AGy Gitmax AK,
(Cycles) (mm) |[x107°m/N)| /m®) | (/m?®) |(MPam)
3 0 28.94 8.07 - - -
27012 0 34.92 8.33 - - -
230015 0.25 37.00 8.44 110.62 118.00 2.54
378018 0.33 38.07 8.51 145.06 163.19 1.97
595021 0.25 38.21 8.52 126.07 134 .48 2.52
790024 0.33 38.79 8.55 152.09 171.10 2.02
085027 0.25 37.31 8.46 129.52 138.15 2.48
1180030 0.33 38.25 8.52 169.45 190.63 2.13
1376033 0.25 41.82 8.76 126.94 1344 245
1390036 0.50 38.68 8.55 232.19 | 309.59 2.03
1520039 0.33 41.31 8.72 195.56 | 220.01 2.29
1524042 0.50 4399 893 275.10 | 366.80 221

g1



Specimen: F18 Length, L: 110 mm

R-Ratio: 0.14, 0.25, 0.33, 0.50 Width, b: 20.17 mm
Opaxs 7 mm, 8 mm, 9 mm, 12 mm Thickness, 2h: 3.31 mm
N R-Ratio | Inferred a C AGy, Giimax AK,,
(Cycles) (mm) |(x10°m/N)| (Jm?) | (/m®) |(MPam)
3 0 37.05 1.76 - - -
10007 0 38.52 7.84 - - -
110013 0.33 40.89 7.99 158.85 | 178.70 2.06
113016 0.50 41.13 8.00 252.19 | 336.26 2.12
213019 0.33 41.66 8.04 182.60 | 205.42 221
213522 0.50 42.20 8.07 276.02 | 368.03 222
270525 0.33 43.72 8.18 187.13 | 210.53 2.23
271628 0.50 45.63 8.33 285.39 | 380.52 2.25
302631 0.33 46.31 8.39 198.77 | 223.62 2.30
302834 0.50 47.83 8.52 31328 | 417.71 2.36
312837 0.33 50.12 8.74 212.26 | 238.79 2.38
347840 0.25 51.31 8.85 18292 | 195.11 242
381843 0.14 53.27 9.06 152.88 | 156.07 2.48
391846 0.25 53.94 9.14 204.42 | 218.05 2.56
409849 0.14 54.85 9.24 160.41 | 163.76 2.54
410052 0.33 55.95 9.38 242.68 | 273.01 2.55
423055 0.14 56.02 9.39 163.51 | 166.91 2.56
424058 0.25 56.70 9.47 206.72 | 220.51 2.57
432061 0.14 57.78 9.61 165.48 | 168.93 2.57
435064 0.25 58.60 9.72 208.16 | 222.03 2.58
443067 0.14 58.94 9.76 16798 | 171.48 2.59
446070 0.14 59.61 9.85 168.95 | 17247 2.60
448273 0.14 60.06 9.92 ©169.33 | 172.86 2.60
463976 0.14 62.86 10.3 169.99 | 173.53 2.61
493979 0.14 64.26 10.5 170.36 | 17391 2.61
513982 0.14 67.22 11.0 172.00 | 175.58 2.63
543985 0.14 69.84 11.5 172.31 | 175.90 2.63
573988 0.14 73.00 12.1 171.88 | 175.46 2.62




Specimen: F19 Length, L: 110 mm

R-Ratio: 0.25, 0.40 Width, b: 20.21 mm
Opax: 8 mm, 10 mm Thickness, 2h: 3.35 mm
N R-Ratio | Inferred a C AGy Grmax AK,,
(Cycles) (mm) [X107m/N)| (J/m?) | Q/md) |MPavm)

3 0 29.99 7.36 - - -
9010 0 39.54 7.83 - - -
64013 0.40 42.87 8.07 239.89 | 285.59 2.34
76016 0.40 43.90 8.15 246.67 | 293.66 2.38
81019 0.40 45.46 8.27 256.42 | 305.26 2.42
84522 0.40 47.10 8.42 26598 | 316.64 247

105344 0.25 47.74 8.48 204.42 | 218.05 2.56
105847 0.40 48.04 8.50 271.07 | 32271 2.49
120850 0.25 50.66 8.76 206.72 | 220.51 2.57
121153 0.40 50.69 8.77 286.49 | 341.07 2.56
121756 0.40 51.30 8.83 292.62 | 348.36 2.59
129759 0.25 52.25 8.94 208.16 | 222.03 2.58
129912 0.40 52.86 9.00 29592 | 352.29 2.60
130015 0.40 53.80 9.11 296.50 | 352.98 2.60




Specimen: F20 ‘ Length, L: 110 mm

R-Ratio: -0.50, -1.00 Width, b: 20.09 mm
Opax: 6 mm, 6 mm Thickness, 2h: 3.36 mm
N R-Ratio | Inferred a C AGy Girmax AK},
(Cycles) (mm) |x107%m/N)| O/m?) | (/md) |(MPaNm)
3 0 29.49 7.18 - - -
16010 0 35.31 7.41 - - -
26013 -1.00 38.81 7.59 86.19 86.19 2.14
32016 -0.50 39.62 7.63 88.77 88.77 2.15
35019 -1.00 40.95 7.71 92.87 92.87 2.23
41022 -0.50 42.30 7.80 96.92 96.92 2.28
43025 -1.00 43.29 7.86 99.81 99.81 2.31
49028 -0.50 44.85 7.98 104.15 | 104.15 2.36
50531 -1.00 46.14 8.07 107.56 | 107.56 2.40
53534 -0.50 47.28 8.17 110.44 | 11044 243
55037 -1.00 49.20 8.33 11491 | 11491 248
57040 -0.50 49.84 8.39 116.31 | 116.31 2.49
58043 -1.00 50.07 8.41 116.80 | 116.80 2.50
60046 -0.50 52.29 8.62 121.13 | 121.13 2.54
61049 -1.00 53.21 8.72 12275 | 122.75 2.56
63052 -0.50 54.51 8.85 124.82 | 124.82 2.58
64055 -1.00 55.49 8.96 126.22 | 126.22 2.60
66058 -0.50 56.33 9.06 127.31 | 127.31 2.61
67061 -1.00 57.53 9.20 128.70 | 128.70 2.62
69064 -0.50 58.53 9.33 129.70 | 129.70 2.63
70067 -1.00 59.85 9.50 130.81 | 130.81 2.64
72070 -0.50 61.11 9.67 131.63 | 131.63 2.65
73073 -1.00 62.82 9.91 132.41 | 13241 2.66
75076 -0.50 62.80 9.90 13240 | 132.40 2.66




