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ABSTRACT

The majority of coated structural components are subjected to fluctuating internal
and/or applied stress because of oscillating mechanical loads. The fatigue behavior of
coatings and the overall cyclic failure response of coated structures have remained relatively
unexplored. This study was an effort to investigate the fatigue behavior of plasma spray
coatings on polymer matrix composite materials. Since no ASTM standard is available, we
designed our own experiment to determine coatings suitability under cyclic loading, response
in dynamic loading conditions, fatigue failure modes and fatigue life. Coatings were tested at
different stress levels and frequencies. The stress versus number of cycles (S-N) curves for
the coatings were generated. The results indicate that the plasma spay coatings on polymer
matrix composite materials are suitable for dynamic loading conditions.
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CHAPTER ONE
INTRODUCTION

1.1 Thermal Spray Coatings
Coatings are considered as an engineering solution to enhance surface wear
resistance, corrosion, thermal degradation, and other surface damages. Coatings are used for
wear prevention, dimensional restoration and control, thermal insulation and control,
corrosion resistance, oxidation resistance, abrasive activity, electromagnetic shielding.
Acceptable coatings are generally characterized by good adhesion, wear resistance, and low
porosity. An acceptable coating process must also be compatible with physical substrate
constrains such as temperature and geometry [pp. 43-46, 1]. Thermal spray can be tailored to
meet many of these requirements. Thermal spray coating has grown from simple iron and
steel coatings to encompass most metals, alloys, ceramics, cements (ceramic-metal
composites), polymers, and nanomaterials [pp. 7-9, 1]. Thermal spray coatings can be found
in applications ranging from oil fields to aerospace. Among the various thermal-spraying
techniques, plasma spraying is widely employed mainly for its extremely high temperature,
which is essential for dealing with coating materials like carbides and ceramics whose
melting temperatures are very high.
1.2 Polymer Matrix Composites
Composite material is a heterogeneous material formed by two or more materials that
have quite different mechanical and chemical properties. The main constituents of composites
are called matrix and reinforcement material. Polymer, ceramic, and metals are used as
matrix material. Fiber, particles, and whiskers are commonly used as reinforcement. Based on
the matrix material and reinforcement composite materials are classified as metal matrix
composites (MMCs), ceramic matrix composites (CMCs), and polymer matrix composites
(PMCs). Polymer matrix composites (PMCs) are consisting of polymer matrix combined with
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a fibrous reinforcement. Thermosetting plastics (epoxies, phenolic) and thermosplastics
(polyethylene, polypropylene, nylon, and acrylics) are used as matrix material for PMC’s.
Fiberglass, carbon fiber, and Kevlar are used as reinforcement. Polymer matrix composites
are known for their high tensile strength, high stiffness, high fracture toughness, good
abrasion resistance, good corrosion resistance, and low cost. Low thermal resistance and high
coefficient of thermal expansion are the main disadvantages of PMCs [pp. 1-8, 2].
1.3 Current Challenges
The use of composites has increased rapidly over the last few years and there is every
indication that this will continue. Typical uses of polymer matrix composites (PMCs) in
aircraft and aerospace industries includes structures, antennae, pylons, struts, fairings, access
doors, wing boxes, frames, stiffeners, floor beams, transmission cases, truss structures, swash
plates, push rods and landing gear steps. The aerospace and aircraft industries generally look
for lightweight, stiffness, strength (tension, compression, and fatigue), impact resistance, and
heat resistance. However, there are many problems associated with the use of composites in
aircraft and aerospace industries. Relatively high cost of materials, lack of experience in the
field, relatively limited database for composite materials are the most important problems
[pp. 2-7, 3].
A major drawback of PMCs is poor abrasion resistance, which restricts their use,
especially at high temperature. Erosion resistant coatings are needed to protect composite
materials, at least through the first overhaul, and preferably for the full life of the component.
Stutter [4] conducted an investigation to compare bare and Ni-Al (4.5% Al by weight) coated
polymer composites. The results proved a ten-fold increase in erosion resistance of the coated
composite as compared to bare composite material. This and a number of similar studies
conducted so far have proved that surface treatment of composites would certainly provide an
appreciable protection to the soft surface of these composites. Such treatment may contribute
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to longer PMCs component lives, reduced erosion related breakdowns, decreased
maintenance costs, and increased PMCs reliability. Eventually, the coatings could lead to
overall economics savings.
The use of thermal spray coatings has increased in aerospace, aircraft, and electrical
and medical industries. Thermal spray coatings are being investigated for use on components
where one of the primary concerns is the suitability of the coating and its effect on the
structural fatigue life. Commercial and military aircrafts are using composite widely for
lower weight, which can lead to increase range and maneuverability of the aircraft. The
Beech starship aircraft utilizes nearly 100% composite for their body structure. Boeing 767 is
using unidirectional carbon reinforced epoxy in their door-spring, wing ribs and in other
structural parts. It is very important to know the fatigue property of those composite parts
[pp. 219-232, 3].
The objective of this experimental study is to determine the fatigue property of the
coatings and the substrates. Fatigue strength is the maximum cyclic stress a material can
withstand for a given number of cycles before failure occurs and the number of cycles that
cause the failure of a specimen at a certain stress level is the fatigue life. The investigational
study mainly focused on the fatigue strength and the fatigue life of the coatings.
1.4 Theory of Fatigue
Fatigue of materials and structural components means premature failure or damage
and fractures due to cyclic, fluctuating applied stresses [pp. 1-3, 5]. Fatigue is a complicated
metallurgical process, which includes a large number of phenomenons of delayed damage,
fractures under loads, and environmental situation. The methodical study of fatigue was
initiated by Wohler, who performed the first efficient experimentation on the damage of
materials under repeated loading in the era of 1858-1860 [pp. 1-3, 5]. The fatigue curve
established by Wohler was the first approach in an attempt to understand and quantify metal
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fatigue. In the fatigue curve, magnitude of cyclic stress is plotted against the number of
cycles until fatigue failure. Fatigue failure is a gradual process of damage accumulation in
which the final mode of damage and fracture always depends on environmental conditions.
The plasticity of most materials increases with elevated temperature and that is why metals
display creep, and polymers demonstrate thermo-plastic behavior. The brittle fractures of
metals are more likely at lower temperatures because the plasticity of metals decreases and
cracks grow very fast. Under repeated loading and changeable thermal proceedings, mixed
phenomenon of fatigue such as creep fatigue, creep accelerated by vibration, and thermalfatigue occurs in the metal’s structural component.

Figure 1.1. Fatigue crack initiation in polycrystalline material.
(a) Near regular surface, (b) Near a strong stress concentrator [p. 3, 5].

Four stages of fatigue damage are usually acknowledged. In the first stage, the
fatigue damage accumulation occurs on a micro-structural level. At the end of the first stage,
nuclei of macroscopic cracks originate and the cracks which are the stress concentrators has a
tendency to grow under cyclic loading; with proper magnification the surface nuclei can be
observed visually. The cracks whose depth is small compared to the size of the cross section
usually grow in the second stage. The sizes of those cracks vary from a few characteristic
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scales of microstructure to several grain sizes, and these cracks are referred as small cracks
[pp. 1-4, 5]. The number of small cracks in a structure component may be large. The small
cracks stop growing upon meeting some obstacles in the metals, and the rest of the cracks
transform into macroscopic and the cracks propagate in direct ways such as strong stress
concentrators; this is the third stage. There is the Sharpe stress concentration at the crack
front and /or the disbursement of the material’s resistance to fracture happens in the fourth
stage that is why rapid final fracture takes place [pp. 2-5, 5].
1.4.1 Cyclic Loading and Its Characteristic Stresses

Figure 1.2. Cyclic loading [p. 4, 5].
Figure 1.2 shows a typical cyclic loading process, where S (t) is used for any stress
related variable characterizing the loading process. Each cycle contains maximum stress
(Smax) and minimum stress (Smin) magnitude of the applied stresses [pp. 3-4, 5]. The following
relationships and definitions are used to establish an S-N curve.
The average stress Sm = (Smax + Smin)/2
Amplitude stress Sa = (Smax - Smin)/2
Stress range ∆S = Smax - Smin
Stress ratio R = Smin / Smax
Amplitude ratio A = Sa/ Sm = (Smax - Smin)/ (Smax + Smin)
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The stress ratio and amplitude ratio values corresponding to several common loading
situations are:
Fully reverse: R=-1,

A=α

Zero to max: R=0,

A=1

Zero to min: R=α,

A= -1

The number of cycles (N) is an integer number but considered as a continuous
variable. For a significant damage or for final failure the number of cycles is very large
compared to unity [pp. 3, 5]. Time is an independent variable when there is an interaction
between fatigue and other time-dependent damage. The different types of cyclic loadings are
as follows:
•

Bi harmonic

•

Chaotic

•

Piece-wise constant

Figure 1.3 Different types of cyclic loading.
(a) Biharmonic, (b) Chaotic, (c) Piece-wise constant [p. 4, 5].

1.4.2 S-N Curve
The stress versus number of cycle to failure curve (S-N) was the first approach to
analyze and understand the metal fatigue. The S-N diagram was first introduced by Wohler,
and still widely used in design applications for structural components. The stress-life data is
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plotted on a semi-log scale with the stress amplitude and number of cycle to failure. The data
is obtained by testing specimens at different stress amplitudes. At first, a high stress where
failure is expected in short number of cycles is used then stress is decreased for each
specimen. The procedure continued until one or two specimens are found not to have failed.
The stress that is plotted can be alternating stress (σa), maximum stress (σmax), or minimum
stress (σmin). The S-N relationship is determined for a specified value of mean stress σm,
stress ratio R (R= σmin/ σmax) or A (σa/ σm) [pp. 1-7, 6].
An important characteristic of S-N curve is the fatigue limit. Fatigue limit is a
characteristic of a material and its geometry. A material will not fail regardless the number of
cycles it is subjected to, if the material is loaded below its fatigue limit. Other important
characteristics are fatigue strength and fatigue life. Fatigue strength is the stress at which
failure of a material occurs for a given number of cycles and fatigue life is the number of
cycle for a material to fail at a certain stress.
1.4.3 Factors Influencing Fatigue Life
There are a number of factors that influence the fatigue life; stress concentration,
surface roughness, frequency of loading history, residual stress, temperature, environmental
conditions are the major ones.
Experimenters paid special attention to the influence of loading history. The modern
fatigue-testing equipments are equipped with arbitrary loading programs and are not limited
to one directional stress-strain conditions. Another important factor is loading frequency. At
high frequencies, the thermal effect due to cyclic deformation becomes significant and the
resulting change of mechanical properties must be taken into account [pp. 11-12, 5]. It is
especially important for polymers. However, to observe significant cyclic heating effects
sufficiently high loading frequencies are needed.
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1.5 Fatigue of Composite Material
The definition of composite material covers a large range of materials. It is difficult to
get a general approach of the fatigue behavior including polymer matrix, metal matrix,
ceramic matrix composites, and electrometric composites, and short fiber reinforced
polymers and Nano-composites. Therefore, it is very important for engineers to carefully
compare the fatigue of composite materials to the fatigue of metals because the design of a
component made in composite material is very often the result of a metal substitution.
Different types of fatigues are low cycle fatigue, mega cycle fatigue, giga cycle fatigue and
crack propagation [pp. 826-827, 7].
Fatigue involves several parameters, such as the type of loading, frequency, and stress
or strain ratio. Cyclic waveform, or test condition and parameters such as type of loading,
frequency, and stress or strain ratio have different effects on composite materials. Usually the
composite material shows better fatigue property than their metal counter part. High
performance composite materials, reinforced by long fibers of carbon, glass, boron, or Kevlar
have a reputation for having good fatigue behaviors, but that does not mean that they are
totally sheltered from fatigue. In reality, the endurance of composites varies according to the
type of fibers, the resin and lay up. The fatigue strength of carbon fiber composites is much
better than that of glass fiber epoxy resin composites. The fatigue resistance of composite
materials is much lower in compression-compression than in tension-tension. The fatigue
mechanism in composite material is complex because it involves several possibilities such as
failure within a ply or lamina, delamination, fiber breakage, and fiber-matrix interfacial
debonding. These fatigue processes lead to general degradation of the composite, rather than
producing a discrete crack as in metal. Fatigue behavior of a typical graphite/epoxy
unidirectional or quasi-isotropic composite laminate is usually better than that of the
structural metal [p. 827, 7].
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1.5.1 Tension-Tension Fatigue of Composite
The typical graphite/epoxy unidirectional laminate composite exhibits excellent
fatigue resistance when compared to that of aluminum or steel, when it is subjected to tension
loading parallel to the fiber, and the fiber carries almost all the load. Graphite fibers with
Young’s modulus E values 220-700 GPa, and failure strain in the range of 0.6-1.8 % and at
about seventy to eighty percent of its static strength shows a fatigue limit of 1-10 million
cycles. Glass fiber at one-third of its static strength and with E=70-80 GPa and failure strain
=2.5-3.0 %, exhibit a fatigue limit of 10 million cycles. Armid, which is well known as
Kevlar, has a Young’s modulus of about 120 GPa. Aramid shows a fatigue behavior between
those of glass and graphite fiber. Hybrid composites combine more than one type of fiber in
the resin matrix. Hybridization provides the combined improved properties from different
fibers. The S-N curves of unidirectional hybrid composites containing various combinations
of graphite and glass fibers in epoxy show an expected result; with all-glass fibers, fatigue
strength is lowest, and it increases, as the content of graphite fibers is increased [pp. 827-839,
7]. This is clearly shown in the Figure 1.4:

Figure 1.4 S-N relation for unidirectional hybrid composite [p. 831, 7].
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Polymeric matrix material varies from standard epoxies to toughened epoxies and
tougher thermoplastics. The matrix material has a significant effect on fatigue life of
polymeric composite material. From the figure 1.5, it is clear that the standard epoxy has the
lowest fatigue sensitivity in terms of its static strength. The toughened epoxy and
thermoplastic have the least fatigue resistance at 1-10 million cycles in terms of their static
strengths as well as in actual magnitude.

Figure 1.5 Effect of matrix material on fatigue life in unidirectional laminates [p. 832, 7].
Damage mechanisms of unidirectional laminated composite material subjected to
tension-tension fatigue are affected by applied stress level. In the high stress/low cycle
fatigue region, the fiber breakage involve with matrix-fiber interface debonding. In the low
stress/high cycle region, damage mechanisms primarily involve matrix cracking.
1.5.2 Tension-Compression Fatigue of Composite
There is limited information available for the compressive load in composite
laminates due to its being thin and to global bucking. In the case of tension, fiber is the main
load-bearing element. In compression fiber need support from the matrix which prevents
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fibers from becoming locally unstable and undergoing micro bucking and other types of
failure. That is why the role of the matrix and the fiber/matrix interface become more
important in compressive loading. The introduction of a compression component of load
decreases the fatigue strength and increases the slope of the S-N curve.

Figure 1.6 Effect of stress ratio R on fatigue strength of a unidirectional composite [p. 840,
7].

In compression-tensile loading induced damage can lead to local instability and
bucking, perhaps even before resin and interfacial damage within the plies initiate fiber
microbuckling. Fatigue lives in reversed tension-compression loading are usually shorter than
for tension-tension loading. The fatigue strength in compression-compression fatigue is
slightly better than that in tension-tension fatigue for a quasi-isotropic graphite/epoxy
laminates even though the static tensile and compressive strengths for this laminate are
practically identical. This is attributed to the absence of the tensile component of loading,
which usually cause the initial fatigue damage. The S-N curve describes the relation between
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maximum stress or stress range and lifetime for a given stress ratio R to show the effect of
varying stress ratios. The common format for presentation of fatigue data is Goodman’s
diagram, which presents various combinations of mean and stress amplitude of failure at a
specified lifetime. Here, straight lines through the origin represent constant values of R. Thus
different regions of fatigue loading can be located. This format is convenient for interpolation
for different values of stress ratio [pp. 840-843, 7].
1.5.3 Non-Axial Loading Fatigue
Interlaminate shear is the shearing force that tends to produce a relative displacement
between two laminae along the plane of their interface. Monotonic loading is the constant
load that does not change with time In the case of monotonic loading, short-beam shear
specimens have been used to characterize the interlaminate shear (ILS) fatigue. For the
graphite fiber system, the interlaminar shear fatigue strength at 106 cycles was reduced to
about 55% of its static interlaminar shear strength (ILSS) even though its tension-tension
fatigue strength was nearly 80% of its static tensile strength. However, the interlaminar shear
fatigue performance of a unidirectional S-glass reinforced epoxy shows the opposite trend.
For this composite, the interlaminar shear fatigue strength at 106 cycles was approximately
60% of its static counterpart but the tension-tension fatigue strength at 106 cycles was less
than 40 % of its static tensile strength.
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Figure 1.7. Comparison of tension-tension and flexural fatigue lives of a unidirectional
graphite/epoxy [p. 844, 7].

To characterize the flexural fatigue performances of composite material, a three-or
four-point bend test is performed. In general, the fatigue strength in terms of either maximum
stress range is inferior in flexural condition to tension-tension conditions for unidirectional
graphite/epoxy composite. The tube or solid rod has been used to investigate the torsional
fatigue behavior of composite materials. Fatigue testing under pure shear conditions clearly
has a severe effect on unidirectional composites, all failing at 103 cycles at approximately half
of the static shear to failure [pp. 843-845, 7].
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CHAPTER TWO
LITERATURE REVIEW OF FATIGUE TESTING FOR COATED SPECIMENS

The use of polymer matrix composites and thermal spray coatings has increased a
great extend. However, detailed and precise specifications and test techniques for both PMCs
and thermal spray coatings are still lacking. Limited work has been done for the surface
protection of polymer composite using thermal spray technology and its fatigue property.
McGrann T. R. [8] investigated the issue of fatigue test methods, test specimen
geometries for both coated and uncoated specimen, and presented the recent development.
ASTM F1160 is the standard for testing coated material especially for biomedical application
but for other applications, no standard is available. Currently two bodies, ASM International
Thermal Spray Society (ASM/TSS) and American Welding Society (AWS) are working to
develop recommended practices and standards for thermal spray coated specimen’s
mechanical properties. They are still working to develop the methods for determination of
modulus of elasticity, Poisson’s ratio, fatigue properties, residual stress, fracture toughness,
wear properties, and thermal expansion properties of thermal spray coated specimen. Many
issues such as specimen system, testing mode, coatings thickness, coating surface finish,
environment, temperature, and substrate surface preparation, definition of failure, specimen
geometry, stress determination, and stress ration in the fatigue testing of thermal spray coated
specimens will be addressed in recommended practice.
Kovarik et al [9] investigated the mechanical properties of plasma sprayed alumina
coating. Young’s modulus of the coating, microhardness profile, residual stress on the top of
the coating, and residual stress profile in substrate and fatigue behaviors was investigated.
The failure process in the coating was also determined. The fatigue lives of specimen from
different sets (substrates with different thickness of coating) were presented. The result
proved that the coated specimens demonstrate considerably longer fatigue lives than
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specimen without coating. The fractographic analyses of failed specimen specify that fatigue
depend mostly on the crack initiation phase. The average Young’s modulus of the Al2O3
coating

was calculated 43 GPA. The result also indicates that Young’s modulus is load-

dependent for thermal spray coating. The Young’s modulus of the coating decreases while
specimen loading in tension and increases while loading in compression.

The authors

concluded that the application of plasma sprayed alumina coating increased the fatigue life of
the tested specimen more than two times and the process of grit blasting did not considerably
influence the fatigue performance.
Ahmed et al [10] investigated the fatigue failure modes of thermal spray coatings in
rolling/sliding contact. Detonation gum (D-gun), HVOF and high-velocity plasma spray
(HVPS) techniques were used to deposit WC-Co and ceramic (Al2O3) coatings on steel
substrates. Different contact stress, lubrication, and contact configuration were used for
rolling contact fatigue (RCF). The surface and subsurface of the failed rolling element was
also observed. The authors identified four modes of failure as abrasion, delaminations, bulk
deformation, and spalling. Abrasion is a near surface, noncatastrophic failure mode and
happened due to surface wear. Abrasion failure can be controlled by appropriate selection of
contacting pair and lubrication conditions. Delaminations are caused by stress concentration
that due to coating defects, it is a catastrophic failure mode and can be controlled be
appropriate selection of coating thickness and fracture toughness. Yielding of substrate
material and intergrannular cracking of coating called bulk failure; it can be avoided by
controlling the hardness of substrate. Surface or subsurface crack initiation and crack
propagation due to cyclic loading caused spalling. Spalling is a rare fatigue failure mode of
thermal spray coating.
Gayda et al [11] investigated the low cycle fatigue behavior of plasma sprayed
NiCoCrAlY coating alloy. The fatigue tests were performed at 6500C and 10500C,
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NiCoCrAlY shows extremely high ductility at 6500C and low strength at 10500C. A
sinusoidal 0.1 Hz waveform with a maximum strain/minimum strain ratio of -1 was
employed. The modes of crack initiation and propagation were determined by a scanning
electron microscope (SEM). At 6500C the fatigue life of the NiCoCrAlY was significantly
less than the coated PWA (Nickel base superalloy) 1480 single crystal. Authors found that at
6500C failure was characteristic by singular surface or near-surface initiation sites of mixed
mode, associated with porosity, followed by intergrannular crack-growth was the. The fatigue
life of NiCoCrAlY coating was five times greater than that of coated PWA single crystals and
the crack initiation and early propagation was transgranular.
Sugimura et al [12] investigated the fatigue crack growth normal to interfaces in a
biomaterial system, control of the crack path, and fatigue characteristics of coated materials.
A cylindrical specimen of .45%C steel coated with plasma spray Cr2O3 coating was tested in
rotating bending at a frequency 22.7 Hz. A plasma- sprayed layer of Ni-Al (5% weight of Ni)
was sandwiched between the Cr2O3 coating and the substrate steel. The authors found that the
application of the Cr2O3 coating improve the fatigue endurance limit by nearly 25% over that
of the uncoated substrate material. The authors also found that the crack advanced across the
interface between Cr2O3 and Ni-Al coatings. They concluded that growth or arrest of fatigue
cracks across interfaces between dissimilar solids are guided by the direction from which the
crack approach the interface and fatigue cracks in coated materials can be completely arrested
by appropriate selection of ductile interlayer.
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CHAPTER THREE
COATING SYSTEM SELECTION

3.1 Previous Coating Characteristic Evaluation
Different coatings with different sets of spray parameters were used. To find the best
coating metallographic study, different tests were conducted. Metallographic study was
carried out on coatings cross-sections in order to evaluate imperfection structure and to
achieve a detail examination of the coating substrate interface. For the basic studies of
coating structure and its bonding to substrate, optical microscopy was used. Electrical
scanning microscopy was employed for the detail study of a coating structure, bonding with
the substrate and phase distribution. Besides, the metallographic studies the coated coupons
were studied for adhesion strength, porosity, erosion, micro-hardness and electrical
conductivity.
3.1.1 Microhardness
From the previous experimental study the micro-hardness of carbon fiber epoxy
composite was 55-60 HV. The highest hardness values of 182.4 HV was found for Ni-Al 955 with power level 25kW; standoff distance of 80mm where aluminum was the bond coat.
The highest micro-hardness of coating without bond coat was 188.2 HV and was found for
Ni-Al with power level 20kW; stand off distance of 100mm. From the hardness test results, it
was concluded that an increase in power and standoff distance increases the hardness value of
the coatings [13, 14].
3.1.2 Electrical Conductivity
Electrical conductivity is an important property of coatings. The highest conductivity
value was found 395 ohm-m from Ni-Al 65-35 without a bond coat and a power level of
20kW and standoff distance of 80mm. For Ni-Al 95-5 with zinc and aluminum as a bond coat
showed conductivity value of 380 to 385 ohm-m with a power level 25kW and standoff
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distance 100mm. The conductivity is relatively lower at 80mm standoff distance with 20kW
power and 100mm standoff distance power 25 kW [13, 14].
3.1.3 Erosion Test
For the coating of group Ni-Al 65-35, the mass loss was negligible; the power level
was 20kW and 25kW; stand off distance was 100mm. Coatings with aluminum as bond coat
showed relatively weaker erosion strength as compared to the coating with zinc as bond coat
[13, 14].
3.1.4 Adhesion Test
Adhesion test is a basic test for any coating; it determines the bond strength between
the coating and substrate. The test result showed coating with Ni-Al 65-35 had higher bond
strength than that of Ni-Al 95-5.
3.1.5 Porosity Characterization
Porosity is very common in plasma sprayed coatings. To reduce the porosity, the
power level and stand off distance is the main factor. From the previous study, it was found
that the stand off distance has no significant effect on the porosity but the power level does.
For all coating with power rating of 25 kW have the lowest mean percentage of porosity.
3.2 Selection Criteria for Substrate
Among the various PMCs, the carbon epoxy composite is fairly available. Due to its
availability, the carbon epoxy composite was selected as substrate. Hand lay-up or other
manufacturing processes of unidirectional or woven fabric can easily fabricate the carbon
epoxy composite with epoxy resin as its matrix material. Carbon epoxy composite are often
fabricated with a preferred fiber direction in order to achieve higher strength and stiffness in
the load directions. The carbon fiber epoxy composite offers tensile strength roughly four to
six times that of conventional aluminum and steel alloy. For aircraft applications, the fatigue
cycle limits approximately 106 to 108 cycles and aluminum and some steel alloy tend to fail in
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this regime. However many aluminum alloys exhibit poor fatigue property. On the other hand
fiber reinforced composites appears to be much more stable and forgiving in fatigue than
their metal counterparts. In carbon epoxy composite the loss of a few failed fibers is not
noticeable to the overall strength of the composite because the load is redistributed among the
other fibers through load sharing. For these reasons, carbon epoxy composite is used in
several components of a modern day aircraft some of which include the skin fuselage and
wings [7].
3.3 Pre-Coating Substrate Surface Preparation
For good coating properties, surface preparation is an important factor. Thermal spray
coating does not require an elaborate surface treatment as compared to other coating
technologies. Surface finish and integrity has proved to provide sufficient bond strength
between the deposited material and the receiving substrate. Grit blasting is a common pre
treatment method for thermal spray application. The composite substrate specimen was
cleaned with acetone to remove moisture, dirt, oil and other foreign particle. The grit-blasting
pressure was 50 psi and the angle was 90 degrees. For the grit blasting with alumina power,
the mesh size was 24 [13, 14].
3.4 Materials Used for Coating
Primarily various coatings were sprayed and their performance was investigated with
the substrate. The initial coating materials were
•

Ni-65%, Al-35%

•

Ni- 95%, Al-5%

•

Zn

•

Al
The coating that improves the adherence of the subsequent spray deposits is called

bond coating. The coating materials were coated with and without a bond coat. Usually zinc
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and aluminum were sprayed as a bond coating material. On the other hand, Ni-Al 65-35 and
Ni-Al 95-5 were coated as a top coating material. Ni-Al 65-35 is an Intermetallic compound;
these compounds have high strength and higher melting temperature. Ni-Al 65-35 was
selected to produce a reactive sintering to form a dense and compact coating onto the
substrate. Ni-Al 95-5 was selected due to its availability. Aluminum and zinc are soft and
conform well to the substrate in there pure form and they provide a better surface finish for
the top coatings [13, 14].
3.5 Coating Spray Matrix
From the previous coating evaluation, some base spraying parameters were
determined. For the fatigue test of coated specimen, those parameters were used. The
parameters are as follow:

• Power input
• Standoff distance
• Powder gas pressure
• Powder feed rate
• Grain size/shape
• Surface roughness
• Spray distance
• Spray atmosphere
Only the power level and standoff distance were varied for both Ni-Al 65-35 and NiAl 95-5 coatings. The coating spray matrix is as follows:
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TABLE 3.1
COATING SPRAY MATRIX
Set #

Bond Coat

Thickness
(µm)

1

Zinc

1.5

2

Zinc

2

3

Aluminum

3.5

4

Aluminum

3.5

5

Zinc

1.8

6

Zinc

1.5

7

Zinc

2.3

8

Zinc

2.4

Top
Coat
Ni-Al
95-5
Ni-Al
95-5
Ni-Al
95-5
Ni-Al
95-5
Ni-Al
95-5
Ni-Al
65-35
Ni-Al
65-35
Ni-Al
65-35

Thickness
(µm)

Power
(Kw)

Spray
Distance

1.7

20

80

1.6

20

100

2

20

100

1.6

25

100

1.6

25

100

1.6

20

100

1.6

25

80

1.8

20

80

3.6 Coating Application
The carbon epoxy composite was cut with a diamond cutter and sized to 4 × .80 inch
in the Composite Laboratory of National Institute for Aviation Research. Before spraying, the
coupons were grit blasted for the surface preparation. The plasma spray torch used was sulzer
F4MB with a 10-power feeder. The diameter of the nozzle was 1.8mm. The coupons were
mounted on a rotating fixture and the torch was traversing linearly against the rotating
coupons and thus depositing the desired coating [13, 14].
Bond coat zinc was coated by Tafa 8830. The topcoat Ni-Al was coated by Sulzer
Metco F4MB plasma gun. Ni-Al power federate was 15 g/mil. Bond coat spray passes was
two and topcoat spray passes was four. The other spray parameters are as follows:
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TABLE 3.2
COATING SPRAY PARAMETERS
Power

Amp

Volt

Argon Flow

20 kW
25kW

340
420

60
60

50 slpm
50 slpm
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Hydrogen
Flow
2.0 slpm
1.5 slpm

Carrier
Flow
4.0 slpm
4.0 slpm

CHAPTER FOUR
EXPERIMENTAL PROCEDURE

4.1 Tension Test of Uncoated Specimen
4.1.1 Scope of the Experiment
The in-plane tensile property of polymer matrix composite reinforced by carbon fiber
is tested by ASTM D 3039 test method. This test method is limited to continuous or
discontinuous fiber reinforced composites in which the laminate is balanced and symmetric
with respect to the test direction.
4.1.2 Summary, Significance, and Use of the Test
A constant rectangular cross section of composites of 10 in × 1 in is mounted on the
grips of a mechanical testing machine and monotonically loaded in tension while recording
the load. Material, methods of material preparation, lay-up, and specimen stacking sequence,
specimen preparation, and environment of testing, specimen alignment, and gripping, speed
of testing, void content and volume percent of reinforcement are the major factors that
influence the tensile response of PMCs . Ultimate tensile strength, ultimate tensile strain,
Poisson’s ratio, and transition strain can be obtained from this test method and may be used
in product design, research and development, quality assurance and structural design and
analysis.
4.1.3 Apparatus
The major apparatus used for this test are:
•

Material Testing System Machine (MTS)

• Micrometer
•

Testing machine

•

Grip

•

Strain-indicating device
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Micrometer measures the thickness of the specimen and it has nominal diameter of 4to 5-mm [0.16- to 0.20-in].
The testing machine has machine heads, drive mechanism, load indicator, grips,
system alignment, strain indicating device, conditioning chamber. The machine has both
stationary and movable head. Drive mechanism moves the movable head with a control
velocity with respect to the stationary head. Load indicator measures the total load caring by
the test coupon.
The grips usually hold the test specimens and provide sufficient lateral pressure to the
coupon to prevent slippage between the grip face and the specimen. Grips are precisely selfaligned to minimize the bending stress in the specimen.
A strain-indicating device is a strain transducer or an extensometer, which is attached
to the coupon carefully to avoid any damage in the specimen surface.
A conditioning chamber is used when a material is needed to test other than the
nonlaboratory environment. It is capable of maintaining the required temperature to within
±30C [± 50F] and required relative vapor level to within ± 3%.
4.1.4 Procedure
The geometric requirement of the tensile test coupon is very important. It is necessary
to maintain proper width, thickness, and length. The geometric requirement is shown in table
4.1.
TABLE 4.1
GEOMETRIC REQUIREMENT OF THE TENSILE TEST COUPON
Shape

Specimen width tolerance

Constant Rectangular
Cross-section
Gripping + 2 times width + gage
length
± 1% of width

Specimen thickness tolerance

± 4% of thickness

Minimum length
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Shape

Constant Rectangular
Cross-section
Flat with light finger pressure

Specimen flatness

Coupon preparation is extremely important for tensile test of composites. If the
coupon is cut from a plate, then notches, undercuts, rough or uneven surface or delaminations
caused by inappropriate cutting should be avoided. Water lubricated precision sawing, miling
or grinding can be used to obtain the final dimension. Before testing, the area of the specimen
was taken as A= w × h at three different places in the gage section and the average was taken.
It is necessary to maintain a constant strain rate in the gage section, and the speed of
testing is set accordingly. Usually strain rate is selected so as to the coupon failure within 1 to
10 min. A standard strain rate and head displacement rate is 0.01 min-1 and 2 mm/min [0.05
in/min]. After inserting coupon in the grips of the testing machine, it is necessary to check the
alignment of the griped specimen with the test direction. Then tighten the grip and record the
grip pressure.
The loads versus strain data are recorded continuously or at required intervals.
Maximum load, failure load, and stress were recorded. The failure mode and the location of
the failure were also recorded. Finally, the ultimate tensile strength and strain was calculated.
4.2 Fatigue testing of Coated Specimen
4.2.1 Scope of the Test
An ASTM standard has not yet been set for coating’s fatigue test. We designed our
own experiment using the ASTM D790-86 standard for fatigue testing of the coatings. ASTM
standard D790-86 is a test method that covers the determination of flexural properties of
unreinforced and reinforced plastics, including high-modulus composite in the form of
rectangular bars molded directly or cut from sheets. Two methods of testing are available:
These are three point bending and four-point bending tests.
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Load

Specimen

Support
span

Figure 4.1. Experimental setup for 3 point fatigue testing.
The MTS machine consists of a large heavy-duty test frame with a fixed beam at the
bottom, a moving beam (referred to as a crosshead) and a gearbox and large motor located
(concealed) in its base. The motor moves the crosshead vertically up or down. The gearbox is
used to select high and low speed ranges for movement of the crosshead. A three point
bending fixture is attached to the machine head. A rectangular test specimen is set on the two
supports on the fixture and loaded by means of a loading nose midway between the supports.
The MTS machine can give dynamic loading to the test specimen by moving the head up and
down at a certain crosshead rate and frequency. The coated specimen can be set in such a way
that the coating is either in tension or in compression.

Load

Coated side
Of the test
Coupon

Support
span

Figure 4.2 Experimental setup for coated specimen when coatings are in compression.
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Load

Coated side
Of the test
Coupon

Support
span

Figure 4.3 Experimental setup for coated specimen when coatings are in tension.
4.2.2 Apparatus
The main apparatus for this test is a properly calibrated servo hydraulic MTS
machine. The MTS machine is equipped with deflection measuring device and loadindicating mechanism.
The loading nose and support have cylindrical surfaces. The radius of the nose and
support is 3.2 mm to avoid excessive indentation or failure due to stress concentration in the
loaded region for all specimens.
4.2.3 Procedure
The dimensions of the test specimen are shown in the table 4.2.
TABLE 4.2
DIMENSIONS FOR FATIGUE TEST COUPON
Nominal specimen depth

13 mm (1/2 in)

Specimen width

9.8 mm (3/16 in)

Specimen length

100mm (4 in)

Support span distance

80mm (3 in)

27

The loading nose and supports were aligned so that their axes of the cylindrical
surface are parallel and the loading nose is midway between the supports. The load applied to
the specimen at the specified crosshead rate and frequency and simultaneously loaddeflection data were taken. The coated surface was observed under optical microscope in
every 25,000 cycles for any crack, peeling, or other physical damage.
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CHAPTER FIVE
RESULT AND CALCULATION

5.1 Tension test Result for Uncoated Specimen
Three coupons of uncoated PMCs were tested to determine the ultimate tensile
strength. The tensile test data is shown in table 5.1:

TABLE 5.1
TENSILE TEST SUMMERY
SPECI

WIDTH

THICKNESS

MEN

(in)

(in)

1

1.000

0.152

2

1.000

3

1.00

INITIAL
LOAD
OFFSET

MAX
DISPLACEM
ENT

FAILURE
LOAD

TENSILE
STRENGTH

GROPPING
PRESSURE

(Ibs)
0.0

(lbs)

(ksi)

9067

59.651

(in)
0.1033

1198

0.152

0.0

9147

60.178

0.1156

1199

LGM/
AGM
LGM

0.150

0.0

9080

60.736

0.1143

1200

LGM

(psi)

FAILURE
TYPE

In the tensile test, the initial load offset was zero and the average gripping pressure
was 1199 psi. The load that, if applied upon a structure or specimen causes failure is called
failure load. The average failure load was 9098 Ibs. Tensile strength is the amount of stress a
material is able to withstand when being pulled lengthwise before permanent deformation.
The average tensile strength of the test specimen was 60.18 Ksi. The strain indicating device
record the displacement occurs in the gage area of the specimen.

The maximum

displacement is the displacement that is recorded just before the specimen’s failure. The
average maximum displacement was found .1116 in. The failure modes of the specimens
were also recorded. The specimens failed laterally in the middle of the gage area.
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Load vs Adj. Displacement
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Figure 5.1 Load versus adjusted displacement curve of bare composite.

Figure 5.1 shows the load versus adjusted displacement curve for the bare composite
material. The load-adjusted displacement is initially liner followed by a nonlinear portion.
The load or stress where this nonlinearity starts is referred to as the first ply failure (FPF)
point. This is caused by matrix cracking in the off-axis plies. The ultimate tensile strength is
often referred as the last ply failure (LPF). There is a significant difference between the FPF
and ultimate strength.

The cracks or damage from FPF may results in local stress

concentration, which causes damages to the neighboring plies or laminate and this process
continued up to the final failure of the specimen.
5.2 Calculation
Calculation for stress in the outer fiber of coated specimen:

3pL
S=
2bd 2

(5.1)

Calculation of stress life:
The alternation stress and the mean stress can be calculated using the following formula.
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σmax − σ min
2
σ + σmin
σm = max
2
σa =

(5.2)

Using Goodman’s formula
σa σ m
+
=1
Se Su

(5.3)

From the Goodman’s formula the stress life of the specimen can be calculated.

5.3 Fatigue Test Result for Coating
Different sets of coating were tested. Set one, two, and three were over loaded and
used for trial test so we did not get any fatigue data for those. For set four, five and six fatigue
data were obtained. Fatigue data for different sets are as follows:

TABLE 5.2
FATIGUE DATA FOR Ni-Al 95-5 AT 25kW/100mm COATING (SET 4).
Fatigue data for Ni-Al 95-5 at 25kW/100mm
Specimen 1

Specimen 2

Frequency
0.5 Hz

Maximum
Load
250 lbs

Maximum
stress 50 ksi
or
345 MPa

Minimum
load
200 lbs

Minimum
stress 40 ksi
or
276 MPa

Specimen 3

Number
of cycles
100000
Number
of cycles
75000
Number
Of cycles
25000

Coating in
tension
Coating in
Compression
Coating in
tension

Ni-Al 95-5 coating with aluminum bond coat sprayed at 25kW power and 100mm
standoff distance was tested at minimum stress of 40 ksi and maximum stress of 50 ksi. The
frequency for the test was 0.5 Hz. Two specimens were tested in tension and one was in
compression. The number of cycles for the coatings that were in tension was 100000 and
25000. The coating run up to 75000 cycles in compression.
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TABLE 5.3
FATIGUE DATA FOR Ni-Al 95-5 AT 25kW/100mm COATING (SET 5)
Fatigue data for Ni: Al: 95:5 at 25kW/100mm (set 5)

Specimen
13

Maximum
load
225 lbs

Maximum
stress 45
ksi or 310.5
MPa

Minimum
load
200 lbs

Minimum
stress 40
ksi or
276 MPa

Stress type
Tension

Number of
cycles
to failure
110,602

Specimen
14

Maximum
load
150 lbs

Maximum
stress on
the coating
30 ksi or
207 MPa

Minimum
load
125 lbs

Minimum
stress 25
ksi or
172.5 MPa

Stress type
Tension

Number of
cycles to
failure
375,000

Maximum
load
125 lbs

Maximum
stress on
the coating
25 ksi or
172.5 MPa

Minimum
load
100 lbs

Minimum
stress 20
ksi or
138 MPa

Stress type
tension

Number of
cycles to
failure
530,000

Frequency
1 Hz

Specimen
15

Ni-Al 95-5 coating with zinc bond coat sprayed at 25kW power and 100mm standoff
distance was tested at three different stress levels in tension and frequency at 1 Hz. The
coating tested at maximum stress of 45 ksi and minimum stress of 40 ksi run up to 110602
cycles. The number of cycles to failure was 375000 when the coating was tested at maximum
stress of 30 ksi and minimum stress of 25 ksi. At stress level of 25 ksi and 20 ksi number of
cycles to failure was 530,000.
TABLE 5.4
FATIGUE DATA FOR Ni-Al 65-35 AT 20kW/100mm COATING (SET 6)
Fatigue data for Ni: Al: 65:35 at 20 kW/100mm (set 6)

Specimen
16

Maximum
load
225 lbs

Maximum
stress
on
the coating
45 ksi or
310.5 MPa

Minimum
load
200 lbs

Minimum
stress
40 ksi or
276 MPa

Stress type
Coatings
are
in
tension

Maximum
load
125 lbs

Maximum
stress
on
coating 25
ksi
or
172.5 MPa

Minimum
load
100 lbs

Minimum
stress- 20
ksi = 138
MPa

Stress type
coatings
are
in
tension

Frequency
1 Hz
Specimen
18
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Number of
cycles is
124900

Number of
cycles
achieved
975000

Ni-Al coating with zinc as bond coat sprayed at 20 kW power and 100 mm standoff
distance was tested at two different stress levels with 1 Hz frequency. At maximum stress of
45 ksi and minimum stress of 40 ksi, the number of cycle to failure was 124900. The number
of cycle was 975000 when the maximum stress was 25 ksi and minimum stress was 20 ksi.

5.4 Stress versus Number of Cycles Curve (S-N Curve) for the Coatings
The stress life versus number of cycle curves for the coatings Ni-Al 95-5 at 25
kW/100 mm and Ni-Al 65-35 at 20kW/100 mm were plotted. The stress life for the coatings
was calculated by using Goodman’s formula.

S-N Curve for Ni-Al 95-5 at 25 kW/100 mm
300

Stress Life (MPa)

250

200

150

100

50

600000

550000

500000

450000

400000

350000

300000

250000

200000

150000

100000

50000

0
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Figure 5.2 S-N Curve for Ni-Al 95-5 coating.
The plot shows the fatigue rest result of Ni-Al 95-5 coating. The points in the chart
represent the cyclic stress for each test and the number of cycles at which the specimen
broke. The first specimen was tested at 248 MPa stress and had only few cycles. The second
specimen was tested at a reduced stress of 59 MPa and number of cycle to failure was
33

110,000. The stress was further reduced and the number of cycle to fail was higher. The
curve become almost steady at the stress of 31 MPa and 27 MPa it is the endurance limit of
the coating. Therefore, fatigue strength of the coating is 27 MPa.

S-N Curve for Ni-Al 65-35 coating at 20 kW/100 mm
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Figure 5.3 S-N Curve for Ni-Al 65-35 coating.
Figure 5.3 show the fatigue curve for Ni-Al 65-35 coating. At 59 MPa stress the
number of cycle to failure was 124900 and the coating reached its endurance limit at 27 MPa
stress. The coating did not failed at 27 MPa stress and the number of cycles was almost a
million. It is clear from the plot that the fatigue strength of the coating is about 27 MPa.
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S-N Curve for Ni-Al 95-5 At 25kW/100mm Plotted in Ratio from (Se/Su)
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Figure 5.4 Se/Su versus Life to failure curve for Ni-Al 95-5 coating.
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Figure 5.5 Se/Su versus Life to failure curve Ni-Al 65-35 coating.
The ratio of fatigue strength and the ultimate strength of the specimen is plotted with
number of cycles to failure. The plot represents the percent of static strength used for the
fatigue testing of the coatings. At 60 percent of ultimate strength the coating had fatigue
failure with few cycle. From the curve, it is clear that the coating’s fatigue strength was about
eight percent of the ultimate strength of the uncoated specimen.
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CHAPTER SIX
DISCUSSION AND CONCLUSION

6.1 Discussion
This study was an effort to determine the fatigue behavior of plasma spray coating on
polymer matrix composites. The experimental study mainly focused on Ni-Al (65:35) and NiAl (95:5) coating’s fatigue life and strength, which have satisfactory mechanical properties
such as microhardness, adhesion, electrical conductivity, and wear resistant. Due to the
unavailability of ASTM standard for Plasma spray coating, there were many challenges to
resolve. Selection of a suitable test method, specimen size, selection of load and frequency,
setting the failure criteria was some of the major challenges.
There are three different methods of fatigue analysis that is widely used, the methods
are stress-life, strain-life, and fracture mechanics approaches. Economics of time and money
was an important issue while selecting a test method. The stress-life (S-N) approach is the
quickest and cheapest approach. The other advantages are the analysis is quite simple; this
method works well in situation involving constant amplitude loading and long fatigue life
[pp. 232-234, 6]. For these reasons the stress-life (S-N) method was chosen.
To determine the load for the coatings it is necessary to know the ultimate strength of
the substrate on which the coatings are sprayed. The ultimate tensile strength of the substrate
was determined to set a load for the fatigue testing of the coatings. To observe the structural
change in the coatings in tension, the coated specimen was bended using a portable vice. The
specimen was bended in such a way that the coated side was in tension and uncoated side was
in compression. A four inch long coated specimen failed at a deformation of 0.7 in and the
failure was in compression side. In the coating, no physical damage was visible before the
substrate failed.
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Figure 6.1 Experimental setup for bending of the coating.

Figure 6.2 Failed specimen in bending.
Figure 6.1 shows how the specimen was loaded in a portable vise and photography of
the coated surface was taken to analyze the metallographic changes in the coating. In the
figure 6.2 a failed specimen is shown, the coated side failed only at the edge of the specimen
due to failure of the fibers and matrix, the mid region of the coated was unaffected. This
proves that the adhesion of the coating was very good.
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The load set for the fatigue of the coatings was much lower than the ultimate strength
of the substrate for the first specimen and then the load was gradually reduced until the
fatigue strength was found. The frequency is very important factor in fatigue testing. For
polymer-based composites maximum frequency can be used is 5 Hz [p. 845, 7]. There is a
temperature raise in the matrix material with high frequency. The machine has its limitations
for frequency too; the maximum frequency used was 1 Hz.
. Cracks, delamination of coatings from the substrate and any other physical distortion
of the coatings were set as a parameter of failure. The coatings were observed under an
optical microscope in every 25000 cycles to inspect failure. From the test data and S-N curve,
the fatigue life of Ni-Al (65:35) and Ni-Al (95:5) coatings were found approximately 27
MPa. Ni-Al (65:35) at 20kW/100mm coating ran almost a million cycles and there was no
sign of the failure of the coatings. Ni-Al (95:5) at 25kW/100mm coating ran 5x104 cycles and
the coating did not fail.

Figure 6.3 Posttest image of Ni-Al 65-35 coating.

39

Figure 6.4 Posttest image of Ni-Al 95-5 Coating
The surface observations of the failed specimens indicate that the coatings failed due
to delamination at the edge of the specimen, where load was applied. However, there were
some crakes developed from the delamination region. While cutting the specimens in
diamond saw cutter it causes some rough surfaces, small notches or dents, and uncut fibers at
the edge of the specimens. These rough surfaces, tiny notch, or dents acted as a stress
concentrator. The stress concentration was the main cause of coatings delamination at the
edge.

Figure 6.5 Specimen before and after fatigue test
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For many years, the importance of most fatigue testing was to expand a practical
understanding of the effects of various factors on the baseline S-N curves for metals. The
factors investigated are size, type of loading, surface finish, surface treatments, temperature,
environment. The results of these tests have been quantified as modification factors [pp. 1115, 7]. The modification factors are applied to the baseline S-N data and usually specified for
endurance limit. For the fatigue test of the coatings, no modification factors are available.
More research and tests are still need to gain a full understanding of the effects of those
factors on fatigue life on the coatings.

6.2 Conclusion
The objective of this experimental study was to determine the coatings fatigue life,
coating suitability in cyclic loading, and investigation of fatigue failure mode. The significant
conclusions are:
•

The coatings developed so far appear to be suitable for cyclic loading.

•

Proper machining of the test-coupon may reduce stress concentration factors, and thus
the delamination of the coatings from the edge may be further delayed.

•

The effect of coating parameter on fatigue life of the coatings is not clear from this
study. More experiments with different spraying parameters are needed to explore
those effects.

•

The effect of coatings on the fatigue life of the substrate appears to be minimal.

•

More fatigue tests are recommended for a comprehensive and better understanding of
plasma spray coating fatigue life on polymer matrix composite substrates.
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APPENDIX A
CALCULATION

For load P= 100 lbf

S=

3 × 100lbf × 3in
2 × 1in × ( 0.15in )

2

∴ S = 20000 psi = 20ksi
Conversion of ksi to MPa
1lbf
1psi =
2
(1in )
=

0.454 kg

( 0.0254 m )

2

= 703.7 kg / m 2
= 703.7g N / m 2
= 703.7 × 9.81Pa
∴1psi = 6.90331×103 Pa
So, 1ksi ≈ 6.9 × 106 Pa = 6.9 MPa
For load p = 125lbf ,
3 ×125lbf × 3in
S=
2
2 × 1in × ( 0.15in )
∴ S = 25000 psi = 25ksi
or,S = 25 × 6.9 MPa
∴S = 172.5 MPa

For load p = 150lbf ,
3 × 150lbf × 3in
S=
2
2 × 1in × ( 0.15in )
∴ S = 30000 psi = 30ksi
S = 30ksi = 30 × 6.9 MPa
∴S = 207 MPa
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For load p = 200lbf ,
3 × 200lbf × 3in
S=
2
2 × 1in × ( 0.15in )
∴ S = 40000 psi = 40ksi
S = 40ksi = 40 × 6.9 MPa
∴S = 276 MPa
For load p = 225lbf ,
3 × 225lbf × 3in
S=
2
2 × 1in × ( 0.15in )
∴ S = 45000 psi = 45ksi
S = 45ksi = 45 × 6.9 MPa
∴S = 310.5 MPa
For load p = 250lbf ,
3 × 250lbf × 3in
S=
2
2 × 1in × ( 0.15in )
∴ S = 50000 psi = 50ksi
S = 50ksi = 50 × 6.9 MPa
∴S = 345 MPa
For maximum stress 30ksi and minimum stress 25ksi, the stress life:
σ − σmin 30 − 25
σa = max
=
= 2.5ksi = 2.5 × 6.9MPa = 17.25MPa.
2
2
σ + σ min 30 + 25
σm = max
=
= 27.5ksi = 27.5 × 6.9MPa = 189.75MPa.
2
2
σ σ
Now, a + m = 1
Se Su

⇒

17.25 189.75
+
=1
Se
414

∴ Se = 31.85MPa
For maximum stress 45 ksi and minimum, stress 40 ksi, the stress life:
σ max − σmin 45 − 40
=
= 2.5ksi = 2.5 × 6.9MPa = 17.25MPa.
2
2
σ + σ min 45 + 40
σm = max
=
= 42.5ksi = 42.5 × 6.9MPa = 293.25MPa.
2
2
σa =

For maximum stress 25ksi and minimum stress 20ksi, the stress life:
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σ max − σmin 25 − 20
=
= 2.5ksi = 2.5 × 6.9MPa = 17.25MPa.
2
2
σ + σ min 25 + 20
σm = max
=
= 22.5ksi = 22.5 × 6.9MPa = 155.25MPa.
2
2
σ σ
Now, a + m = 1
Se Su
σa =

⇒

17.25 155.25
+
=1
Se
414

∴ Se = 27.6MPa
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APPENDIX B
FATIGUE DATA

Peak to Valley Load as a Function of Fatigue Cycles
Set 4 Coupon #2 Number of cycles 25000-75000
Load Amplitude

Peak to Valley Load Data
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Peak to Valley Load as a Function of Fatigue Cycles
Set 4 Coupon #3 Number of Cycles: 0-25,000
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20000
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30000

Peak to Valley Load as a Function of Fatigue Cycles
Set 5 coupon 13 Cycles to Failure: 110,602
Peak to Valley Load Data
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Peak to Valley Load as a Function of Fatigue Cycles
Set #5 Coupon 15 Number of Cycles:
530,000(Coating still good)
Peak to Valley Load Data
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Peak to Valley Load as a Function of Fatigue
Cycles
Set #6 Specimen 18 Number of Cycles:975,000
Peak to Valley Load Data
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