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Abstract

This study investigated the residual strength of the unidirectional and cross-ply
laminates of SCS-6 / Ti-15-3, metal matrix composite at elevated temperature 427°C
(800°F) after under tension-tension load controlled mode. For this purpose, several
specimens were fatigued to various fractions of the fatigue life and then loaded
monotonically to failure. The purpose of this study was to determine the effects of

different levels of fatigue dainage on the composite’s strength.

The unidirectional specimens were cycled at a 900 MPa maximum stress at a
frequency of 10 Hz, while, the cross-ply specimens were tested at both 300 MPa and 450
MPa at 5 Hz and 10 Hz, respectively. The residual strength results for the three cases
showed similar trends in that residual strength drop with cycles was small until near the
end of the fatigue life. Both the unidirectional and cross-ply specimens demonstrated

only a small drop ol the residual strength with cycles until near the end of the fatigue life.

Thus, the material exhibits a critical or catastrophic failure behavior as the presence of

damage must reach a critical level hefore it has much effect on the composite.

The failure mode for the monotonic tests was dominated by the strength of the

fibers for both longitudinal and cross-ply laminates.  Also, the inelastic deformation of

the composite was found to be dominated by matrix plasticity.  For the fatigue tests,
debonding between fibers and matrix was found, which produced crack initration sites.
These crack initiation sites were observed on both the surface of and internal within the

specimens. Matrix cracks from these damage sites proceeded to propagate transverse 1o

the load and fiber directions.




Residual Strength After F. igue of Unidirectional
and Cross-Ply Metal Matrix Composites
at Elevated Temperature

| Introduction

Metal matrix composites materi- 's have several advantages compared to metallic
materials. They possess higher rigidity and specific strength, good oxidation resistance
and considerable flexibility in high temperature applications. in many aerospace and other
applications, metal- matrix composites (MMC) will be subjected to fatigue loading along
with a superimposed variation in ltemperature, so structural components must perform
well under a wide range of mechanical and thermal loading conditions. MMCs could
providz the fatigne endurance to survive high temperature and high stress environments,
They are, therefore, currently being developed for high temperature applications in engine
and structures of hypersonic flight vehicles which require a stiff, light weight material
cupable of carrying significant thermal and mechanical loads.

There are three basic matrix categories of composite materials (ceramic matrix,
polymeric matrix, and metal matrix composites). Ceramic matrix composiles are usually
ceramic fibers embedded in a ceramic matrix. They have excellent properties at high
temperature because of their thermal characteristics, but are too brittle for most
applications, Pelymeric composites are generally composed of graphite fibers embedded
in a polymer matrix. They have good strength characteristics, but poor thermal properties.
Metal matrix composites blend excellent characteristics of maintaining good mechanical

properties at high temperature conditions for aerospace applications.




Titanium-based metal-matrix composites, such as SCS-6/T'i-15-3 and SCS-6/Ti-6-
4, have been studied extensively because the titanium alloy matrix can be used at high
temperature, and these composites have higher specific strengtih than any conventionally
structural materials. A titanium-based alloy reinforced with continuous silicon carbide
fibers, SCS-6/Ti-15-3, which exhibits a high strength-to-weight ratio (stiffness, strength,
fracture toughness) and good thermal resistance, is a good model material to study the
basic features of titanium metal-matrix composites. In an uncoated state, the SiC/Ti-15-3,
a good model composite system has a potentiul application temperature ranging from
room temperature up to 550'C. The compositc must be coated for use above 550°C to
prevent cxcessive oxidation of the matrix [17.

The unidirectional [O]g and cross-ply [0/90],, laminates of SCS-6/Ti-15-3 metal-
matrix composite are the subject of the present study. Before these materials can be used
effectively in aerospace design, they must be fully characterized. A parameter, a very
important to designers, is the material’s residual strength. This represents its remaining
strength after it has undergone some prior load history. The present work sceks to
investigate this parameter after fatigue loading.

The primary objective of the present work is to characlerize the residual strength
of the unidirectional and cross-ply laminates of the SCS-6/Ti-15-3, a titanium alloy
matrix based composite. Tension-tension fatigue loading of the Iaminates were conducted
and then stopped at a given number of cycles. These specimens were then monotonically
loaded (o failure to determine the residual strengih. All tests were conducted under an

isothermal environment at an elevated temperature of 427°C with a minimum load to

2]




maximum load ratio, R, of 0.05. Loading frequencics of 5 Hz and 10 Hz were used wiir
a triangular waveform. Both the [atigue and monotonic tests were conducted under load-
control mode, and a}l monotonic loads to failure were conducted at the rate of 15 MPa/s.
Assessig the long-term properties requires analysis of the basic mechanisms of
degradation and incorporation of this knowledge in development of appropriate material
models. Analyses of composite damage must take an interdisciplinary approach,
combining the physics of damage and th: mechanics of solids. Therefore. the present

study will also examine the microstructural damage mechanisms leading to failure to

provide the basis for choosing appropriate models.




2. Previous Works

A fatigue phenomenon has three distinct regions, The first is the initiation of the
crack which occurs at a location of high stress concentration. For a fiber reinforced metal
matrix composite material, crack initiation usually occurs either at the surface or at the
interface of the fiber and matrix. The second region is the crack propagation which will
vary depending on the composite construction and layup. Metal matrix fiber reinforced
composites are of a layered construction. Each layer is composed of either fiber mats or
the metal matrix fail. The third region is characterized by rapid crack propagation
followed by fracture.

Unidirectional fiber reinforced composites possess excellent fatigue resistance in
the fiber directien which carries most of the load. Fatigue damage within a composite
oceurs 1 one or more forms such as failure of the fiber and matrix interface, matrix
cracking, fiber breaking, and ply delamination. The nature of the fatigue will vary not
only hetween composites of different constituent materials but also between composites
of different constructions and layup. Fatigue failures result from repeated loading and
unloading of a given structure. At higher load, a given structure will have a much shorter
life. Contrary, at the lower load, the life is apparently longer.

sohnson, Lubowinski, and Highsmith conducted fatigue tests of SCS-6/Ti-15-3

[2]. These tests were performed on five different lay-ups, [Ofs, [90]g, [02/245], 10/90 ],

and [0/445/90], at room temperature and a ¢yclic frequency of 10 Hz. The stress in the 07

fibers way determined through a micromechanics approach, and a correlation was madec to




o

determine the fatigue lifc of different laminates containing 0° plies. Such correiations
may be useful for predictiag the fatigue life of various types of layups.

Gabb, Gayda, and Mackay also investigated the fatigue behavior of SCS-6/ Ti-
15-3 unidirectional metal-matrix composite, but at elevated lemperatures of 300°C and
550'C as well as under nonisothermal conditions [3]. They performed fatigue lifc tests in
a load controlled mode (stress basis) and concluded that the matrix didn’t condaol the
fatigue life of the composite. At high stress level and at 550'C, fiber and matrix interface
crack initiation followed by matrix crack propagation was thought to limit the fatigue life
of the composites. They found that the composite showed an increase in mean strain, due
to the creep of the matrix, over the fatigue life test at 550°C. However, at 300'C, the mean
strain remained constant thronghout the fatigue life test. They also observed that although
the fatigue life of the composite exceed that of the matrix alloy on a stress basis, the
fatigue life of the matrix exceeded that of the composite on a strain basis.

Castelli, Ellis, and Bartolotta investigated the thermomechanical (from 93'C to
540°C) and isothermal (427"C) fatigue behavior of the SCS-6/Ti-15-3 metal matrix
composite [4]. They found that the faiigue lives were significantly reduced under
thermomcechanical conditions when compared o those obtained under the comparable
isothermal conditions. They also obscrved that cyclic mean strain significantly increased
over the first several thousand cyceles and continued to increase gradually throughout the
life of the specimens. This suggests that creep cannot be ignored at this temperature of

427°C.




Lerch and Saltsman made an investigation into the damage mechanisms produced
by tensile loads at room temperature (RT) and 427 C for various layup’s of the SCS-6/Ti-
[5-3 composite system  ( [O]g, [90]g, [£30],, [0/90]5,, [0/£45/90]; ) [S]. The damage was
examined through microscopic evaluation, and a micromechanical stress analysis
program (ANGPLY) was used to understand the observed damage mechanisms.

An additional study of the unidirectional SCS-6/Ti-15-3 fatigue behavior at high
temperature (650°C) was conducted by Pollock and Johnson 6], They also related the
fatigue behavior (o the fiber stress in the 07 ply as in the previous study [3].

Mall and Portner investigated the fatigue behavior of the cross-ply laminate, SCS-
6/Ti-15-3 a1 427 °C [7]. This study was performed to examine the damage initiation and
progression in this material at the clevated temperature, The fatigue tests were all
performed in load control mode under the tension-tension loading condition with a load
ratio of 0.1 and at two frequencies of 0,02 and 2 Hz. Damage was monitored throughout
the test by ucetate edge replication and quantified in terms of the initial modulus and the
value of the modulus during the test, They found that the two different frequencics had
different strains at failure which indicated two different modes of failure. For the high
frequency test, brittle cleavage fracture of the matrix was the dominant influence o
specimen faiture. Cleavage fracture occurs when a crack follows a preferred crystatlo-
graphic plane along the grains. At high frequency the material tended to strain harden.

For low frequency tests, which were exposed to the high temperature for lozser periods

of time, the {ibers failed prior o matrix failure. The matrix age hardened significantly.

e
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Newaz and Majumdar investigated crack initiation in a unidirectional laminate of
SCS-6/Ti-15-3 with a center hole [8]. Their purpose was to characterize the crack
initiation and crack growth from the holes, as well as determine the crack initiation sites
and whether the cracks were through-the-thickness cracks. The fatigue tests were stopped
prior to failurc for sectioning and polishing so that metallographic examination could be
performed. They found that the fatigue loaded specimens developed four major cracks
around the periphery of the hole. These cracks were through-the-thickness matrix cracks,
and they bridged the fibers. Newaz and Majumdar used the Hencky-Von Mises distortion
energy theory to predict the point around the hole where yiclding would begin. The major
cracks formed between 65° and 72° from the loading axis. which was accurately
predicted from the Hencky-Von Misces yield eriterion. It is believed that the witiation is
controlled by the local inclastic struin of the matrix [9]. They also performed several
nionotonic tensile tests using the same material and the same notch condition. These
specimens developed cracks 90° from the loading axis. They determined thal the
monotonic specimens failed due to fiber failure while the fatigue tested specinmens failed

due to matrix failure.

Naik and Jobason investigated the damage initiation in notched SCS-6/Ti-15-3
using the laminate fay-ups of [Olg, [02/245]5, [0/£45/90), and [0/90] [10]. Some
specimens contained center holes while the others contained double edged notches. Two
different types of loading were used on these tests. The first type was a constant

aniplitude Toad over the life of the entire specimen. The sccond type was an incremental

approach.  In this type of loading, the speciren is fatigued for 50,000 cycles at one load
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level and then 50,000 cycles at tue next higher load level. One of their conclusions was
that debonding and matrix cracking served to reduce the effect of the stress concentration.
They observed only matrix cracks and no fiber cracks. They also noticed that the heat
treated specunens and the as febricated materials behaved in a similar manner.

Boyum investigated the fatigue behavior of unnotched cross-ply, SCS-6/Ti-15-3 at
room temperature under both tension-compression and tension-tension loading [11]. She
compared the results of tension-compression at room temperature fatiguc testing for the
cross-ply layup with the tension-tension at room temperature results. It was found on a
maximum applied stress basis as well as an effective strain range basis that the tension-
compression specimens had shorter fatigue lives than the tension-tension specimens, and
this was caused by the additional damage and plasticity sites which existed only in the
tension-compression load case. Along with the room temperature fatigue testing, she also
studied the high wemperature fatigue behavior (427°C) under tension-compression. The
effective strain range was found to be a good parnmelter for comparing fatigue lives under
different loading conditions.

As indicated in this chapter, extensive experimental studies into the fatigue
characteristics of the SCS-6/Ti-15-3 composite system have been accomplished. As a
result, fatigue life maps of the material under many different loading environments arc
now available to designers. HHowever, not only is understanding the fatigue life important,
but the remaining or residual strength of the material after undergoing specific numbers
of cycles or types of loadings is also critical. Acrospace structures and their components

follow the strict maintenance and replacement schedules. A single critical component
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failure may result in catastrophic failure of the total system. Thercfore, it is essentiil to
know the strength characteristics of the component at a given time and be able o project
when the component must be replaced. In spite of its importance, very little residual
strength characterization data are available for titanium MMCs. Such experimental data
and analysis techniques are necessary if these materials arc to be safely used in real
applications. Thus, the present study represents the first step in this direction.

Several experimental works have observed the reduction of the elastic modulus in
the loading direction during fatigue of the polymeric composites [12]. In fact, some
rescarchers have attempted to relate the modulus degradation to the interior damage [13].
Sufficient evidence that stiffness chauge is au indicator of damage in composites has
indecd been established by Gottesman, Hashin, and Brull [ 14].

One obvious condition promoting damage in titanium matrix composites is the
mismatch of coefficient of thermal expansion (CTE) between fiber and matrix. However,
it has been pointed out by Gubb er ¢f. [15] and Mall ef al. [16] pointed out that the
specimens subjected to 10,000 thermal cycles (from 300°C to 500°C) under zero load did
not ¢ chibit degraded mechanical responses during tests. However, owing Lo the thermal
expansion coelTicients of the constituents of the composite differing substantially, and
because the volume fraction of the fibers is about 0.35. thermal residual stresses that
develop during cooling from the processing temperatu: ¢ can have a decisive effect on the
deformation of the composite. Fiber deformation is purely clastic, recovery of the
composite strain is possible by anncaling the deformed composite after unloading. The

fibers recover their original shape clastically, inducing reverse creep in the matrix. This
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’ so-called “ rejuvenation ™ was experimentally observed by Khan et al, {17] and McLean 0
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3. Material, Specimen, and Test Procedures

3.1 Specimens Descriptions

The material studied in this investigation was a titanium matrix composite. The
titanium metal matrix is reinforced with continuous Silicon Carbide (SiC) fibers to form
various cornposite luyups. The present study examines unidirectional, {0]s, and cross-ply,
[0/90]2 lay-ups. Each layup contained a total of 8 plies. The SiC fibers were made by
Textron, under trade name of SCS-6. These fibers were manufactured by chemical vapor
deposition (CVD) on carbon core filament. An outer coating was applied to the SiC fiber
to protect the inherent surface defects resulting from the CVD proc s and to enhance the
abrasion resistance and compatibility with the titanium matrix, and this coating was
composed of an everlay of carbon-rich nonstoichiometric amorphous SiC on top of
amorphous carbon [ 19]. The unidirectional or cross-ply {iber mats were made {from fibers
(with certain interfiber space), binder, and molybdenum (Mo) wires used to cross-weave
the SiC fiber in the desived position. The nominal chemical composition of the Hitanium
matrix, Ti-15 3 in weight pereentage is shown in Table 1. 'The constituents propertics of
the composite nuterial are given in Table 2 [20]. It was praduced by hot isostatic pressing
(HIP) by placing alternating layers of fibers and thin matrix {oil.

The specimens were originally cut {rom the as received rectangular plate. The
specimen edges were then polished to remove any damage from cutting. Also, the

unidireciionad specimens were cut in a dogbone shape Lo ensure failure within the gauge

seetion.




Table L. The Chemical Compositions of the Titanium Metal Matrix, Ti-15-3 b
constituent percentages (%)
\Y 15
Cr 3 ]
Sn 3
Al 3
O 0.13(max.)
N 0.03(max.)
C 0.03(max.) ]
H 0.015
Fe 0.3(max.)
Ti Remaining.
»
) . ]
. Table 2. Matcrial Propetties of Fiber & Matrix at 427°C
Property  Fiber (SCS-0) Matrix (Ti-15-3)
Modulus, E (GPa) 440 80) )
Yicld Stress (MPa) 800 525
CoelTicient of Thermal 4.9 10
Lxpansion, o (10° 77 C)
]
Poisson’s Ratio, v 0.25 0.36
Ultimate Strength, 6y 3550 (approx.) 865
(MPa)




A sketch of the unidirectional specimens as shown in Figure 1. The cross-ply

specimens were cut into rectangular coupons with the dimensions as showrt in Figure 2. b
b
I
n|
n
| b
A / G
T W
e x>
GL »
R
= [5.2c¢m A =697 cm >
GL= 1.27cm R=116cm
W =09 cm G=0.18 ¢m
L

Figure 1. Geometry of Dogbone Specimens

A pictorial view ol the cross-ply is demonstrated in Figure 3. The average

curvature of test specimens was 1160 mm (45.7 in.). All specimens were machined using ’
a dizmond encrusted blade and then wrapped in titanium foil and heat treated at 700°C for
24 hours in an argon atmosphere to produce a stabilized matrix microstructure by ,
precipitating out the @ phase (f.e., stabilize the microstructure of the matrix material).
This heat treatment has also been shown to reduce the residual stress produced during

»

Fabrication [1]. The a-received titanium alloy is a metastable, beta (B) phase alloy.
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L: 15.2cm(Length),
W: 0.7cm(Width),
T : 0.20cm(Thickness)

Figurc 2. The Geometry of Cross-Ply Specimens
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Figure 3. Side View of Cross-Ply Laminate
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3.2 Test Set-up

Before the fatigue test was started, the alignment of the specimien was ensured to
get pure axial loading. The fatigue tests were conducted with a minimuni / maximum load
ratio (R) of 0.05. Fatigue testing was conducted on a servo-hydraulic test machine under
load controlled mode. This was on the 810 Material Test Systemn (MTS §10) as shown in
Figure 4 with a 5 Kips load cell which was configured with water-cooled hydraulic grips.
A quartz rod, air-cooled, extensometer was used to measure the displacement over the
gauge length of 0.5 in. (12.7 mm). The elevated temperature (427 C) was controlled by
two 1,000 W, tungsten filament, watcer-cooled. parabolic strip lamps located on each side
of the specimen. The tests were performed using load control under isothermal (427°C)
conditions with a lToad ratio (or stress ratio) of 0.05, and frequencies of 10 Hz and 5 Hz.
The mechanical load was applied with a trianglular waveform as shown in Figure 5. The
{atigue test profile was obtained from a Zenith 433D computer through a program called
“loadtest™ developed at the Materials Directorate, Wright Laboratory. The profile for the
test included the maximum stress to be reached, the stress ratio, R, specimen area, A,
loading frequency, I, temperature, T, efc.

Before running the tests, all the specimens were tabbed in the grip arca with the
aluminum plate (25mm x 7.52mm) through an epoxy adhesive. This required the speci-
mens to be heated to 162"F for 2 hours in order to cure the adhesive. Three thermo-

couples were welded on the surtace of each specimen inside the gauge sectic
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Figure 5. Load Time History for Unidirectional Laminates, lrequency ()
=10Hz, R=0.05, 6,,,=900MPa, at 427°C

The position of the thermocouples and the quartz lamps in relation to the
specimen during the tests is shown in Figure 6. One thermocouple was mounted directly
bencath cach lamp, and the third was placed in the center of the gauge section. The
displacement, and hence, strain in the gauge scetion was measured with an extensometer
mounted close o the side of the specimen. Two quartz <xtensometer rods remained in )
contact with the specimen through a small spring force. See Figure 6 for a picture of the

test set-up.




FFigure 0. Position of Extensometer on Speciinen

3.3 Test Procedures
3.3.1 Unidirectional [0, Laminate

Five unidirectional specimens were tested ae 127°C with B ol 0,05, frequency of
1O Hyzoand aomaxaimunt stress of 900 M 1ot o fatigue test was conducted under these
conditions to obtain the fadure hife tthe vee D cvees o Tailurer ol the unidirectional
SCS 07T 18 3 Nest fodow ontests were wapped e 2590 50 and 7596 Tatigue life ol
the Tt Tatigued spectmen. These spectmens were then loaded o Vailure ata loading rate
ol 1S MPa/s (o pet the residual strength of MMOS Alsor a smgle specimen with no prior
Fatigue Toadmyg was loaded stancally o Bnduree under a 15 MPws loading rade (o ohtain the

strengtit ol the vircgm materal.




:

{
.
-
I
i

H

i
i
b
5

}

s

H

{

{

y
|

At times, extensometer slip occurred during the test. If the extent of the slipping
was outside or close to the limits, the test was stopped and the extensometer rods were
reset. Upon completion of the test, any displacement data recorded after the slip occurred

was shifted to provide a match in the total displacement both before and after the slip.

3.3.2 Cross-Ply [0/90];, Laminate

Six cross-ply specimens were performed with a frequency of 10 Hz, at maximum
stress of 450 MPa, and the other seven cross-ply specimens were conducted with a
frequency of § Hz, at maximum stress 300 MPa. These tests were conducted under load
controlled mode with R ratio of 0.05 at 427°C. The test procedures were the same as that
for the unidirectional laminates except that in this case it was important (o choose i stress
level below thie first ply failure (FPF) of the material. The testing results are described in

the next chapter.

3.4 Damage Assessment

Three techniques to assess the damage mechanisis were used in this stady. They
are analysis of fracture surface by scanning electron microscope (SEM), examination of
liber damage away [rom the fracture arci by ctching the matrix from the fiber and using
SEM, and examination of the matrix and fiber damage away from the fracture arca by

sectioning and polishing the surface and using an optical micrescope.




3.4.1 Damage Assessment Preparation

After completing the fatigue and residual strength tests, the half of all specimens
were prepared for damage assessment. This was accomplished by cutting the fracture
surface off using a diamond cutting wheel, and sectioning the remaining portion of the

specimen for polishing and ctching as shown in Figure 7.

Scctjon A |_§§ lScclionE

Polishing Eiching

Figare 7. Scctioning ol Specimens for Eiching and Polishing

3.4.2 Ktchking Technique

A three pereent solution of Ammonium Fluoride and Hydrofluorie Acid (NH4F +
HF) is applied 1o the speeimen to make the first fiber layer appear. This kind ol liquid
solution can infringe the alpha (o) phase which exists mside the matrix and make o phase
precipitate which enables one more casily to observe the slip band (striations), m rix
cracking, etc. However, the main reason for etching in the present study was to evaluate

the fiber cracking that may have occurred away from the fracture surface. Hiching away

the matrix was considered a more accurate method of evaluating the amount of fiber

damage because it is likely that the act of the polishing may induce additional cracks

within the fibers.

20
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3.4.3 Polishing Technique

The other part of sectioned specimens were mounted in Buehler Konductimet, a
conductive mounting compound, using a Simplimet mounting Press. The first step in the
polishing was (o use the magnetic wheel with diamond disks for fine grinding, rough
polishing, and medium polishing. Each of these steps required 30-40 seconds to
conmplete. This was followed by 15 pm diamond paste on 3 X 5 in. glass plate combined
wilh extender haad polished in a figure 8 manner for 3-4 minutes. Next, the mounted
section was then placed on a Buchler Vibromet vibrating polisher with metadi extender in
a | pm diamond slurry for 2 hours and then the mounted sections were transferred to a
Teximet with T pm diamond slurry for overnight polishing. At last, the mounted sections
were passed on to the Mastermet for 2-3 hours with an aggressive chemical polish which
removed all seratches larger than 0,06 tim. After all the mounted seetion specimens had
been polished, they were ready for examination under an optical microscope. The purpose
of this examination was to observe the cracks within the matrix or fibers, debonding

between the fibers and matrix interluce, efe.

3.4.4 Fractlure Surface Analysis
The fracture surfaces were investigated by Amray 810 scanning electron snicro-
scope (SEM) system to observe the damage of the fracture surface which included the

microcracks of the matrix, dimple (or ductile) failure for matrix, debonding of fiber-

matrix interface, and {iber cleavage (or brittle) failure.




3.4.5 Fiber & Matrix Damage Analysis

The etched sections were used with SEM to observe the fiber or matrix damage.
The polished sections were used with the optical microscope for the same purpose of
examining the (iber and matrix damage. Both techniques were employed (o ensure

reliability and to evaluate the most appropriate technique for damage observation.
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4. Results

The objective of this investigation is to study the residual strength behavior at ]
)
1
o different percents of fatigue life of unidirectional, [0z , and cross-ply, {0/90]2 , SCS- %
L
el 6/Ti-15-3 metal matrix composite laminate at 427° C under tension-tension loading with
; »

a stress ratio (R) of 0.05, and frequencies of 10 Hz and 5 Hz. Results of cach laminate

will be discussed separatedly in the following

Bt

:
Lo . . .
= 4.1 Unidirectional Laminate ’
' !
- 4.1.1 Macromechanical Response
‘ Wij The unidirectional specimens were cycled at a maximum stress of 900 MPa with
5
t . . . . ays . . .
i 10 Hz using a triangular waveform. The ability of the controller to maintain the »
Lo
e max./min. stress throughout the test was examined and any variation in stress was
: neglible (less than 2 %),
» ®
. .
4.1.2 Fatigue Response
N The fatigue behavior was initiallv dominated by creep deformation of the matrix. "
f"
A The specimen failure was a result of cither fiber fracture or matrix cracking.
‘ . . . ) - .
3{ A nonlincar stress-strain response was observed during the first fatigue cycle.
‘ Slip bands provided the physical evidence of plastic deformation. It was also verified ’
! yl . , . . . . .
o fromi e stress-strain response curve during eyceling where the linear loading modulus and
X unloading modulus were equivalent,
= »
]
Lo When an MMC specimen s subjected to fatigue testng using the load controlled
¥ q b
4 ’ . . . N . . - .
P mode, the strain would show a rapid increase at the end of the fatigue life for the matrix-




dominated failure mode. The reduction in stifiness suggests that this behavior was the
result of fatigue damage (matrix cracking).

Figure 8 and 9 illust.ate the stress strain response [or the unidirectional laminate
under the monotonic loading and cyclic fatigue Joading. From Figure 8, it shows that the
lincar characteristics behavior occurred on these MMCs. Also, for the fatigue loading
case, as the applied cycle numbers increases, the permanent strain increases and the

modulus of the specimen decreases unti] failure.
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Figure 8. Stress- Strain Response for [0]y Laminates at 4277 C, with a
Stress Rate ol 15 MPa/s (Montonic Test)
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Gome =900 MPa, R=0.05, [=10 Hz Conditions
A conunon consequence of fatigue in composite is a reduction in stiffness which
beging very carly in the fatigue life. The modulus versus cycles, and normalized modulus
i versus northalized cycles diagrams are shown in Figures 10 and 1, respectively. The )
modulus drop is shown to be approximately 3 % over the fatigne lite. The normalized
i .
. maodulus 1s defined as the measured modulus during the fatigue test divided by the initial
modulus of the undamaged specimen (ie., E/E). In the same way, the normalized cycle
is the measured cycles divided by the fatigue life (ic., N/Ny).
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Figure 12, Comparisons for the [O]g Laminates Fatigue Tests at O, b

=900 MPa. R=0.05, 1=10 Hz, 427" C Condilions

The residual strength results of the unidirectional laminates for these tests are b
shown in Figures 13 and 14, and Table 3. In Figure 13,0t is observed that the residual

strength of the unidirectinnal Jaminate decreases with increase of the applied fatigue



cycles, however, this deerease is very small. Rather than a gradual decrease over the life,

the strength of the specimens exhibited more of a catastrophic or critical drop in strength

f near the end of the life.
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Table 3. Residual Strength Results of {0y Laminates & Their Applied Conditions
(Cuax=9G0 MPua)

Specimen | load Cycle Area | Max.Gtrain | Frequ | Thermal | Temp- | Residual
Type Mode | Numbers | (mm?) Change -ancy Strain erature | Strength
{(mm/mm) 1 (He) | grm/mm) (MPa)
Unidire- | Static 0 12,9 cee 0.00224 | 427°C | 1385.7
ctional * !
# (900MPa)
Fu " Cyclic 7,645 12.92 0.00002 10 0.00226 ” 1324.5
(25%)
” ’ 15,284 12.91 0.00014 ” 0.00226 " 1287
R (50%)
':';v ” ” 20,244 12.93 0.001085 ” 0.00228 ” 900 #*
_{75%
B v 30,561 12.92 0.000453 ” 0.0022¢2 " 900
“ (100%)
:ga - Static test with a stress rate of 15 MPws
-4 #+ Specimen failed hefore got the residual strength

30




4.2 Cross-Ply Laminate
4.2.1 Macromechanical Response for 0y,,,=450 MPa

Five specimens of cross-ply lay-up were tested under fatigue to a2 maximum stress
of 450 MPa. These consisted of a fatigue test to failure, and four other residual strength
tests to 38%, 40%, 50%, 75% of fatigue life of the first fatigued specimen. After having
reached the pre-determined cyele limit, cach residual strength specimen was tested under
a static load to failure with a stress rate of 15 MPu/s to get the residual strength. All the
fatigue tesls were performed with an R (minimurn load/ maximum load) of 0.05, and a
frequency of 10 Hz under 427°C. Two stalic tests of the virgin crossply materials were
also conducted.

The stress strain curve for static loading is shown in Figure 15. It presents the

slightly nonlincar characteristics.
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Figure 12, Stress Strain Response Tor [0/90]5 at 427°C, Stress Rate=15 MPa/s
(Static Loading)



The modulus vs cycles relationships are demonstrated in Figures 16 and 17, At the »

beginning of the fatigue lest, the modulus decreased slightly, followed by little or no
change with increasing cycles until approximately two thirds of the fatigue life, where it

continued (o drop with increasing cy« les.
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The strain vs cycles are shown in Figures '8 and 19. As it can be seen in these
{igures, there was a rapid increase in strain over the first few cycles. This may be

attributed to viscoplastic deformation of the matrix and was a very short-lived elfect.

This was followed by a plateau region with a very slow increase in strain to failure,

)
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The residual strength results of the cross-ply for the specimens latigued to 450 MPa
maximum stress are shown in Figures 20-21, and Table 4. b
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( Table 4. The Residual Strenyth Results for {090 ], Laminates and Their
Applicd Conditions (6,,,=450 MPu)
Specinen Load Cycle Area Max.Strain | Frequ- | Thermal Temp- | Residual
= Type Mode | Numbers | (mm?) Change ency Strain erature | Strength
o (mm/mimn) (Hz) (rmm/mm) (MPa)
Cross-Ply | Static 0 R 0 0.00268 | 427°C 995.86
‘ " ” " 13.51 ” ” 0.00266 Y 843.79
) ” Cyclic 6,598 13.36 0.00049 10 0.00262 " 768.14
(38%)
i ” “ 7.003 13.27 0.00062 " 0.00276 “ 450 *
' _(40%)
" ” 8,004 13.60 0.000205 ” 0.00274 ” 859.2
(50%)
L ” v 10,602 13.02 0.00238 " 0.00286 " 662.64
_(75%)
v . 17,023 13.16 0.001014 ” 0.00331 ” 450
(100%)

* Specimen failed before residual strength obtained
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4.2.2 Macromechanical Response for 6,,,,=300 MPa

Six tests of the crossply material were conducted at a maximum stress of 300 MPa
in fatigue. This lower stress level was chosen to determine if the characteristics of the
residual strength behavior, as observed previously, were dependent on the maximum
stress of the Tatigue load.

The maximum strain vs cycles relationships were shown in Figure 22, The strain

increased with the increasing cycles,
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Figure 22, Max. Strain vs Cycles for [0/90]5, Laminates o 427" ', R=0.05,
(=8 Hz, 6,,,:=300 MPa
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Figure 23 showsg the modutus and cycles relationship for these fatigue tests. Also,

]
from these plots, the modulus was found to decrease slowly with cycles in an almost
lincar fashion until approximatcly two-thirds of the fatigue life of the first fatigued
specimen at which point the modulus dropped more rapidly. >
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Figure 23. Modulus vs Cycles for [0/90],, Laminates at 427" C, R=0.05, »
(=5 Hz, 0,,=300 MPu
Thie residual strength results after different pereentages of fatigue life are shown in b

Figures 24 and 25, and Table 5. These specimens were loaded at a constant stress rate of

15 MPw/s Two specimens failed before the residual strength could be obtained.
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Table 5. The Residual Strength Results for [0/90]2 Laminates and Their
1.; Applied Conditions (5,,,,=300 MPa) )
y Specimen | Load Cycle Area | Max.Strain | Frequ- | Thermal | Temp- | Residual
i Type Mode | Numbers | (mm?) Change ency Strain erature | Strengtn
{(mm/mm) (Hz) | (mm/mm) (MPa)
Cross-Ply Static 0 1351 | —-eeemeee 0 0.00266 427°C 995.86
(300MPa)
, ” “ ” 13.30 ” " 0.00268 ” 843.79 b
Vo ’ Cyclic 50,010 13.33 0.000706 5 0.00266 " 76717
I ” ” 80,009 13.53 0.000809 i 0.00262 " 511.62
! ” ” 94,153 13.24 0.00085 " 0.00278 ” 300.00
. ” ” 100,011 13.32 0.000838 ” 0.00264 ” 481.20
! ” ” 186,003 13.00 0.001034 ” 0.0030 ” 300.00 )

I'he comparisons of the cross-ply laminates at different stress level are shown in
Figures 26 and 27, and Table 6. Although the Tatigue tests were applied at dificrent
frequency, the results were very similar for the response of modulus vs eyeles and strain
]
vs cycles. In both instances, the modulus didn’t change much before two-thirds of the
fatigue e or until near the end of the fatigue life; whereas, the strain for [0/90]5
Taminates increased gradually with the increasing cycles until near the end of the fatigue ’
life when it increased suddenly.
)
»
»
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Table 6. The Results of the [0/90)>, Laminates at 427" C

b
Load Gnax Cycles  Frequency  Residual A €ax
Mode (MPa) (N) (Hz) Strength (%)
,,,,, (MPa) S
static - 0 0 995.86 -
e 0 0 84379 e °
cyelic 450 6,598 10 768.14 0.049
" ” 8,004 ” 859.20 0.0205
” ” 10,692 “ 662.64 0.0298
” ” 17,023 “ 450.00 0.1014
" 300 50,010 5 767.17 0.0706 »
” " 80,010 ” 511.62 0.0809
” ” 100,010 ” 481.20 0.0838
” ” 186,000 ” 300.00 0.1034
»
»
4.3. Macroscepic Comparisons
This section provides the comparison of all three sets of fests,
4.3.1 Tensile Loading
»
Figure 28 shows that the modulus of the unidirectional specimen was higher than
the cross-ply laminates as is expected,
L]
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0.008

Figure 29 displays the normalized modulus and normalized cycles relationships

for we nmidirectional laminates and cross-ply laminates. As expected, cross-piy laminate

showed more degradation in modulus than the unidirectional Jaminate,
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Conditions
The normalized residual strength vs normalized cycles is shown in Figure 30, The
same general trend is hserved in all tests as the residual strength drops rapidly near the
end of the fatigue life. Also, a scatter in the specimen fatigue life of approximately a
factor of two is observed. The compartsons of umidirectional, {9y, and cross-ply, [0/90]5.

Jaminate tests including static, fatigue, and residual strength results are shown in ‘Table 7.
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Table 7. The Results of Static, Fatigue, Residual Strength Tests of [0]g & [0/90]5

at 427°C ®
Spccimcn N Cinax A Einax A Emin A E RS Cult
Type (MPa) (V) (%) (GPa) (MPa) (MPa)
(0l 7,645 900 0.002 00018 259 13245  (a)
®
” 15,284 ” 0.011  0.0148 361 1287.0 i
” 20,004 ” 0.0453  0.0462 13.75 900.0 ”
" 20,224 " 0.1085 0.1182 8.51 900.0 ”
; » — 1,385.7 ’

10/90] 24 0,598 450 0.049  0.0337 0.89 768.14 {b)
! ” 8,004 " 0.0205  0.0482 0.92 859.2 ”

” 10,692 “ 00298 00718  10.02  662.64 ” »
" 17,023 “ 0.1014  0.0984  16.02  450.00 ”
§ " w 995.86
” 50,000 300 00706 0.0495 513 767.17 (¢ »
" 80,010 " 0.0809  0.0509 114  511.62 ”
” 100,010 " 0.0838  0.0610 1927  481.20 ”
” 186.000 " 0.1034  0.1041  28.54  300.00 " b
” kL — 843.79

* Monotonic Test for Unidirectional [0]g Laminate with a Stress Rate of 1SMPws

4 &k Monotonic Test for Cross -Ply [(0/90] 5 Laminates with a Stress Rate of ’
1SMPuw/s

The Applied Frequencies for (a) & (b), and (¢) were 10Hz, 10Hz, and SHz, Respectively.
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4.4, Microscopic Comparison

The typical distribution of the fibers within the metal matrix composite are shown

in figure 31. The fiber volume fraction was approximately 0.35.

Figure 31. Fiber Distribution within the Laminate

4.4.1 Unidirectional, {05, Laminate

Fracture analysis indicated interface debonding between fiber and the matrix
during the tensile testing as the matrix exhibited plastic “necking™ between the fibers as
shown in Figure 32, Also, it is found that the degradation or the fracture of the fiber

coating layer occurred during fatigue.
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Under the scanning electron microscope (SEM) observations, Figure 33 displays that
cracks initiated from the fiber-matrix interface and propagated through the matrix.

During the tensile testing, a crack could initiate from the debonded iber-matrix
interface and extend to the debonded interface of the neizhboring fiber. The micro-
structural characteristics were evaluated ncar the fracture surface under SEM. Some
cracks were observed along the longitudinal direction of the fiber, In Figure 34. the
debonding between fiber and matrix was clearly observed. A crack which appeared to
initiate from the debonding {iber-matrix interface of one fiber, extended to the debonded
interface of the neighboring fiber. The crack propagated through the matrix as well as
interface. Hence, interface debonding, matrix cracking, and fiber cracking contributed to

the fracture process of ensile behavior,

Figure 34. Interface Debonding between Fiber-Maltrix
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4.4.1.1 Fiber Dominated Failure Mode

The progression of deformation and damage for the fiber-dominated failure mode
was plastic deformation of the matrix, creep deformation of the matrix, and fracture of
fibeis which resulted in the tailure of specimens. Figure 35 showed a typical haclure
surface ol a specimen that exhibited a fiber-dominated failure mode. Most of the fibers
had pulled out of the matrix. The dimple patterns in the watrix represented  the
coalescence of microvoids, which was characteristic of a ductile fracture. This type of
fracture surfuce was typical of the statie tensile speciimens and the low life [raction

residual strength tests,

Figure 35, Fracture Surface Dominated by Fiber Failure Maode
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4.4.1.2 Matrix Dominated Failure Mode

Figure 36 shows the first layer of {ibers from the surface of the specimen. Several
matrix cracks were observed. In addition to matrix cracking. there was also the debonding
of the fiber-matrix interface. This phenomena explained the reduction in stiffness during

the fatigue tests.

Figure 30. Fracture Surface Dominated by Matrix Failure Mode
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S 4.4.2 Cross-Ply, [0/90],,, Laminate 0
: . - . . . . it ]

During the fatigue of the cross-ply specimens, three stages of behavior were » o
o observed (as could be seen in Fig. 37). Strain in the stage I rapidly increased within the X,
first few eveles due to plastic detormation. in the stage 11, the strain increased steadly with
Fatigue cycles indicating a fatigue crack started to initiate and propagate. In stage HI, the ’
strain increased rapidly until composite failure, indicating the matrix crack was near its
critical length and/or fiber failure was occutring.  Also, due to the transverse plies in the
»
cross-ply, the fatigue cracks in the unidirectional specimen were more difficult to initiate
than in the cross-ply.
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The first damage mode that normally formed was matrix cracking along the
wansverse fiber directions. These cracks generally formed through the ply thickness and
across the width of the specimen, and continued nucleating until a stable regular array ol

cracks typical of the laminate had formed.

4.4.2.1 Gny=450 MPa

For the specimen cycled to §.004 cycles, a crack appeared (o have initiated from
the transverse fiber located at the fiber-matrix interface and extended to the outer surface
of the specimen. As fatigue cycling continued. the crack seemed to have propagated along
the interface of the transverse plics and extended into the matrix of the 0° plics. Thus,
matrix cracking and interface debonding seemed (o be the dominant fracture mechuanisim

during fatigue loading.

4.4.2.2 Oun=300 MPa

The same type of fracture surface oceurred ai this stres as at a stress level of 450
MPa. At 80000 cycles, a crack was observed to bave initiated from the transverse fibes
located inside of the specimen as demonstrated in Figure 38, These cracks seemed (o have

initiated from the transverse fiber on the basis of the previous discussion.




4.4.2.3 Comparisen between 0,,,,,=450 MPa and 0,,,,=300 MPa

Both at a stress level of 450 MPa and 3060 Ml'a, cach crack initiated from the
transverse fiber, propagated to the surface, grew along the interface of the transverse fiber
and the matrix, extended into the matrix and continued extending ajong the interface of
neighboring fibers and finally penctrated inte the 0" plies. Therefore, matrix cracking and
interface debonding appeared to be the prime fatigue fracture mechanisms. The number

of obscrved cracks increased with increasing applied cycles,

- Wetict,
' L

Figure 38, Crack Initated from Transverse Fiber Direction




4.4.3 Observations of Etched & Polished Specimens

As previously discussed, the fractography of monotonic loading tests for unidirec-
tional and cross-ply laminates ncar the fracture surface revealed that the lailure was
dominated by the strength of the fibers as shown in Figures 39 and 40). For the fatiguc
tests of the unidirectional laminates, fiber-matrix interface debonding was the source of
crack initiation sites within the matrix. These matrix eracks propagated transversely from
the longitudinal fiber direction. The cross-ply specimens displayed & similar trend except

the damage initiated at the interface of the 90" plics and then propagated along the

interfaces and through the matrix from fiber (o fiber within the 90" plies.




Fipure 40, Cracks Propagated Transverse o the Loading Direction

4.4.3.1 For [0]g L.aminate

The observations of etehing and polishing specimen ol the umdirectional laminate
away Trom the fracture surlace are shown in Figures 41 through 46, There was no crack
or interface debanding for 25% 0 504 ol the Tatigue Tife of the tirst fatigued specimen bt

at 757 there oceurred some fiber-matrix interface debonding and matrix faiture.
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Figure 42, Polishing Observation on 15 ¢ Ny of {0 ]s Laminate 0y,,=000 MPa
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Figure 40, Polishing Observation on 75 ©¢ N, ol [O]g Laminate, Gp,=900 MPa

4.4.3.2 For [/90],, Laminate

The same phicnomenon as was observed in the unidirectional lannnate oceurred in
the cross-ply. The matris Tailed throughout the width of the spectmen at near thie end of
fatieae e as shown i Figare 7. Before two-thivds ol the futigue life ol the fist
Fatgued spectmen. the damage of ihese cross-ply Lo are the same regardless ol the
cllect of the applied stress Tevel e the applied stress, -S00M pacand 300 Mpa did not
allect the made of the fatigue fatlure, Farther discnssion of the dimage modes and

addition photographs are presented i chapter 3.
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5. Discussion 6
)
5.1 Deformation Mechanisms !
Fatigue life response can be divided into three distinet regions,see Figure 48 |21, ¥
In the low cycle region (within 200 cycles) the applied stress level is slightly dependent ¢
) ;
upon cycling. ;
!

Region | Region, I Region [ )

' E
?’
> &
N 5
L
. - . o ) @ i
Figure 48, Three Regions Response for Fatigue ;
,
!
. . 5 . . R
In the high stress/low cycele vegion (> 107}, the strength s highly dependent on the
fiber mean strength and strength distribution. In the second region (200 to 107 eycles)., the
. . , . . : ’
fogarithm ol the applied stress decreases almost lincarly with the number of cycles.
Fatigue fatlure in this region occurs by the growth of matrix microcracks leading to [
preferential fiber failure. In the third region, the applied stress was below the microcrack ,

inttiation stress, For low fatigue strains. diunage initiates in the matrix and the composite

possesses w longer fatigue life than the matrix itself.
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Fatigue damage consists of various combinations of matrix cracking. debonding,
delamination. void growth, and fiber breakage. ere. As a result, fatigue cannot be defined
in terms of a single tailure mode. A common consequence of fatigue in composite is a
reduction in stilfness which begins very carly in the fatigue life (see Figures 10, 17, and
290,

Henee, it is possibie to define fatigue failure in terms of stifiness reduction.
However, for the present study only @ shght reduction in stiffness was observed over the
lile (less than 10 9%). Also, this quantity was difficult to measure at the required level of
aceuraey.

The test specimens were cut from a Jarge, continuously reinforced plate and,
consequently, contained cut tibers along the edges. These locations were potential stress
concentration or crack initiation points, Metallography of the fatigued specimens revealed
extensive matrix cracking throughout the entire cross seetion of the specimen as can be

seenin Figure 49,

5.1.1 Plastic Deformation

The plastic deformation in the metal matrix renders the result thal the overall
stress response becomes i sirong function of the applied loading path as well as the fiber
arientation and distribution within the ductile matrix The fiber voluine fraction is
approximately about 4.35 (see Prgo 310 When the windirectionally reinforced composite s
loaded i tension along the axis of the fibers, the load is carrted primarily by the brittle

clastic fibers and there is very hitle plastic deformation in the mtervening ductile noatrix,
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S. 2 Macroscopic Observations

The present study depicted a traditional stress-strain response during cyeling for a
spectimen whose donnnant fatlure mode was matrix cracking. A non-lincar stress-strain
relationship was observed in the first fow cycles. This was a result of plastic detormation
ol the matrix.

5.2.1 Macromechanical Response for [0]; Laminate

The modulus vs cycles (Fig. 10) curve depicts a drop in the modulus after
approxinitely two-thirds ol the fatigue life of the fivst fatigued specimen, The strain vs
cycles (Fig. 12) curve also indicates composite damage near the end of the fatigue life due
to the increasing strain. ‘Thus, these plots suggest the majority of the damage oceurs near

the end of the fatigue life.

5.2.2 Macromechanical Response for [0/90];, Laminate

From Figures 17 and 29, the modulus did not drop much with the increasing
cycles until approximately two-thirds of the total fatigue life. The modulus decrcase was
accompanied by a strain icrease which represented that the damage had been formed
within the laminate. Also, the residual strength results demonstrated significant scatter in
the data with a rapid drop in strength near the end of the Tatigue Tife. These trends indicate
the existance of @ critical point in the matrix crack propagation where the strength
decreases rapidly with eycles. Also. the data scatter may point Lo the stalistical variation

in fiber strength along the matrix crack.
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5. 3 Microscopic Responses
5.3.1 Micromechanical Response for [0y Laminaie

Figure 50 shows a typical fracture surface of a specimen that presented a ductile-
matrix failure mode.  Most of the fibers had been pulled out of the matrix.  This
represents the tensile overfoad failure. All fractured specimens possessed an arca of the
surface exhibiting these churacteristics. The only difference was the pereent of the surface
that could be classified as overload region. The specimens with more fatigue life
posscssed a smaller ductile overload surface. The pereentage ol the tracture arcy
dominated by fatigue or by overfoad for individual unidirectional tested specimen are

shown in Figures 51, 52, and 53, and Table 8.

Figure 50. Fracture Failure Dominated by Matrix
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Figure 33, 75% Ny ol the Unidirectional Eamitiale, 6y, =900 MPa

Table 8 The Percentage ¢ e1 ol Failure Dominated by Fatigue or Overload Tor [0}y

[aminale

Specinien Maxnimum
Type Stress (MPay)
[0 900)

Applicd

Cycle
7.5
15,281

The matrix, between Gaded fibers, had some dunple paiteris as can be seen

Figure S5 This indicated that the mams experienced ductile nechimy between broken

libers during the final fracture.

20244

FFadigue Overload
(o) ()
70 30
15 28
35 15




Fagure S 1OMats ailue between Fibers

5.3.2 Micromechanical Observations for |0/90]., Taminate

The provary labigue dimage mitstion mechamsme meoall the tests was the
ransverse cracks onematiny at the mierlaee of 907 tibers and then propagating oulward
from Q07 fibers, The transverse matins ciachs ortgniated at the anterface in 907 fiber,
propagated toward 07 Hbers il detlected in O7 iber divection due tothe weaker interlface
Fhe nicioscopie observations showed o two regron Llure behavior Tar speciens with a
oy dommated Bhe modes Tlos was obsersed an the ractne sarface which
consested ol two distimet areas. A\ Tabigne crack growth region was observed which
possessed Fatgae strations ad acrelate ey even surbace ong erystalographse planes of
the matmy, The other area consisted of ductde matrs fathie throagh vord coalesence.

Both regons demonstrated Tiber pullout The percentare of the frachine wwea dommated

OH%)




by fatiguc or by overload for cach cross-ply specimen

00. and Table 9,
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Table Y. The Percentage (%) of Failure Dominated by Fatigue or Overload tor {0/90]a, "
Luminate
Speeimen Maximum Applied Fatigue Overload
L bype | Swess(MPw) - Cyele () ()
[0/90]s, 450 6.598 ~70 ~30
” ” 8.004 ~60 ~4() »
” ” 10,692 ~75 25
” 300 50.010 ~75 -25
" " 80.010 --80 -20
” ” 100,010 -85 ~15 »

There were three types of fatigue dammage miechanisn., (see Figure 6 1) which were

fiber breakage. murix crack. and fiber-matrix debonding. Damage was defined by the

b
creation of new free surfaces from fiber and matrix crack growth. Fiber and matrix cracks
could cause debonding between the fiber and matrix which prevented the fibers from
transferring any load to the matrix, and debonding might also oceur from low interfuce
strength caused by poor materials processing. Extreme necking around fibeis showed a
ercat deal of debonding.
»
+ Fiber Breakage,
Ginan Intertuce Debonding >
T T 1T

L L A e A i e

Matrix Cracking, Interface
Fatigue Limit Shear Faiture

of Matyrix
\ ;
\'_—'—»‘ .
S 777 TITTITTTTT

FogN

Figure 01, Three Fatigue Garlure modes for O]y under Load Paratlel to Fribers
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Although the present study examined only a single load level (900 MPa) for the
unidirectional layup, the same failure mechanisms were ohserved as in the fatigue life
man (Fig, 61). The specimens loaded 1o o smadl fraction of the latigue life and then
loaded 1o failure for residual strength testing experienced ductile matrix failure and fiber
overload, speciiicns tatigued through a significant portion of the life demonstrated more
matrix cracking,

The microstructures of several polished composite samples were investigated.
Thi., observation indicated that during the Iracture processing. anletluce deoonding
between SiCL coating layer, and carbon core occurred. Also, matrix plasticity was evident
Trom slip bands oriented at approximately 15" fram the fiber axis,

If the Tracture initiates in the matrix and the crack was allowed to grow along the
fiher matrix interface without o fiber fracture, the reduction in stiffoess was very small.
This was apparent becanse matrix cracks were observed in the residual strength tests yet
there was Hittle reduction in stiffness, It the fracture initiated and progressed along the
liber matrix nterface. there wits alimost no reduction in the longitudinal stifToess,
Fotlowing a fiber fracture, the crack might grow cither in the matrix or along the hber

matricnterfuce. Debonding along the fiber matiix could be caused by shear-stress or the

stress in the transverse direction.
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5.4 Data Analysis

Residual Strength Prediction Model

It is desired o develop a single equation with normalized parameters which can

relate the residual strength of  the given material to the applied load and the number of

cycles, The following power law relation is proposed [22]:
I -1={1-p] (NN (Lg. D)
where f =, /6y o0 residual strength after applicd fatigue cycles
G ultimate strength of MMC
D=0, /Cu: G anplicd stress
N/ N, : life fraction
A o oparaneter
where A is a parameter introduced to accommodate the nontineanty in the residual
strength curve and iy a parameter which is associated with nonlincarity of degradation in
coinposite laminales,
Figure 62 shows i least squares best {1t for the thiree sets of test conditions of the
present study. The values of the 1 p, A based anthe experimental data and A 1« ealeulated

by Fqg. 2oas shown i Table 8.
a N

[Logth - /v Logtl my)|Logt "]
2 v

A e ! (g
ille’ 1 ‘l
og
| IVI

15




S
’ |
(\‘.)
. o &
,1 ‘ -3 A A N A
' 8 A, R)
| e A
0.9 ¢ < s, ; ’
: o> o A A N .
5 .
[ J ® o A 18! ' #
0.8 <o A
@ ¢ A
< i ® ¢ 4 !
?_-f) 0.7 - ® Lod A A
: () ¢
= : S G A LS A ’
f 0.6 - ® A4 o
= : e
= 2
9 : ® o
o 05 A11s® o
- ' Narm. Caele ss N RS ® &
‘g foe expersental Dula wnid . s ’
~ 0.4 fivcurve wath Eumbda o
o] Yatur Calealuted from Fg.2
E |ll|Nmum|rr\\=vull.\II'a Q
= 03 SISV ITS CUAYEN
P ' ||1/0|l|:\|||u\ stress= 000N Pa '
0.2 A Inmbda=1 )(Hnr|ln“ .
o Vumbidas] 28 foriamo), :
’ I wiahda I.Hhu\llmn\_‘
0.1 ‘
00 0t 02 03 04 G5 06 07 08 09 1.0 » ®
Normalized Cycles (Norm. N)
Figure 62, The Fit A Values for |0]x & [0/90]s, Caleulated by Fq.2
]
Table 10, The Values ol Material Parameter (A) Caleulated by F.2 »
j0], =900 MPa [G/90]. =450 MPa [O/90],, =300 MPa
A=1.85 A=1.25 A=1.15
N/N, [=G/Gy NN, =0,/ NJ/N, f=0/Sn |
(1.2502 ().9358% 0.3876 07713 (.2684 ).9692 b j
(.500] ().92K88 04702 ().8028 (4. 4302 0.60063 |
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6. Conclusions

The present study investigated the residual stength of the unidireetional and
cross-ply SCS-6/Ti-15-3 composite layups at clevated temperatre (427°C). The
specimens were fatigued to various fractions of the fatigue life of the first fatigued
necinien and then loaded monotonically to failure. - purpose was to determine the
effects of given levels of fatigue damage on the composite’s strength,

All tests were conducted under foad controlled wension-tension mode al 427 "C.
The unidirectional specimens were cyeled to a 900 MPa maximum stress at a frequency
of 10 Hz. while the cross ply specimens were tested at both 300 MPa and 450 MPa at 5
Hz und 10 Heorespectively, The residual strength results Tor the all three cases exhibited
similar tends i that the residual strength drop with ey les was small until near the end of
the Tatigue lifie, Thus, the material exhibited a eritical or catastrophic Taiture behavior as
the presence of damage must reach a entical level before it hus much effect on the
compaosite, Beyond this paint. the damage progressed rapidly to composite failure.

Based on a0 combination ol fatipue fests  monolonic (est, inaeroscapic
observabions, and Tractuare surface analysis, The following concluston can be made trom
this s estigation:.

I The fadawre mode Tor the monotanie tests was donnated by the stuengthy of the fibers
for both Jongitudinal and cross-ply fammates. Also. the inelastic deformation of the
Ccolnprosite was found to b dommated by mairix plasucny.

2 bor the umdireetional T e latigue tests, debonding of the fiber matria intertace

ccearred Dst This produced damage nntiation sies. These damage sites were bothy on the

77




surfuce and internal. Matrix cracks from these damage sites proceeded to propagate
trunsverse or perpendicularly from the load and fiber directions, Once these cracks
reached the critical length, the compaosite fatled. The cross-ply specimens displayed a
similar trend except the damage initiated at the interface of the 907 fibers. These cracks
propagated along the intertaces and through the matrix from fiber to fiber within the 90"
plies. e matrix crack then penetrated to 07 plies and eventually grew to a critical length,

A Both the unidirectional and cross-ply  specimens demonstrated  oaly o small
dependence of the residual strength with cycles until near the end of the fatigue life. This
residual strength behavior coupled with the observation of ittle or no fiber cracks away

from the Iracture surface suggests that the critical matrix crack was completely bridged by

e Tihers for most of the fatigue hie,
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