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ABSTRACT
A MATERIAL CHARACTERIZATION OF A SILICON CARBIDE
WHISKER-REINFORCED ALUMINUM METAL-MATRIX COMPOSITE,
WITH AN EMPHASIS ON CYCLIC-BENDING
By

Sean Michael Fleming

A material characterization of a silicon carbide whisker-reinforced aluminum
metal-matrix (MMC) is analyzed and presented with an emphasis on cyclic-
bending. Initially the tensile, flexural and shear, monotonic material properties
were measured, where all testing was performed along the axial direction and
along the transverse direction. The thrust of the research was cyclic 3-point
bending of the MMC along the axial (preferred) direction and transverse to the
axial direction. The dynamic flexural modulus was measured as a function of
(cyclic-bending) cycles to observe any general trends, e.g. microcracking or

strain-hardening, throughout the fatigue life of the cyclic-bending specimens.

The cyclic-bending study consisted of using a specially designed 3-point-bend-
fixture which had a deflection-mechanism mounted mid-span. An
extensometer was attached to the deflection-mechanism to measure
maximum deflection. The fixture was attached to an Instron load frame and

the cyclic-bending test was controlled and driven by a closed-loop, servo-



Sean Michael Fleming
hydraulic Instron materials testing machine interfaced with a digital
computer. The nature of the cyclic-bending was compression-compression,

the waveform was sinusoidal and the controlled-variable was deflection.

Three fatigue relations were used to model the cyclic-bending experiments,
stress-life, elastic strain-life and elastic deflection-life. A power-law was used
for the three models mentioned with very satisfactory results, the best being
for the elastic deflection-life models. The fundamental discoveries were that
the cyclic-bending specimens in the axial direction could withstand
considerably greater strain for the same fatigue life even though the axial
specimens were ~ 42% stiffer than the transverse specimens. The transverse
specimen’s fatigue lives were more predictable, than the axial specimens, from
one specimen to the next. It was discovered that for the cyclic-bending study
the elastic modulus was not a constant. This phenomenon has been observed

for several britttle materials.
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CHAPTER 1
INTRODUCTION

1.1 A STRUCTURAL COMPOSITE

A structural composite can bé defined as a load-bearing material in which
physically distinct phases, (usually particulates or fibers), are introduced into
the matrix to achieve improved properties for the combined material (1).

A primary driving force for composite development has been to provide
materials with a specific strength and stiffness greater than conventional,

single-phase materials.
1.2 PROBLEM OUTLINE

Metal matrix composites (MMC) have become greatly diversified over the past
few years. MMC's provide the opportunity to combine ductility and relative
ease of manipulation of metals with the higher strength/stiffness and low
density of ceramic reinforcement. In aluminum MMC’s, SiC particle
reinforcement predominates (1). The composites market has grown at such a
rate that the materials research community has not had a chance to create, or
agree on, standardized testing methods for (MMC) composites. The

manufacturing companies have had to rely instead upon already existing
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techniques to test, analyze and evaluate MMC's. These test procedures were
initially created and intended for use on monolithic, near-isotropic material.
This type of testing and evaluation can lead to invalid results. Therefore,
without appropriate and widely accepted test methods, one cannot generate

the level of data base required (1) for industrial use.

Nearly all of the MMC has been evaluated only in the preferred, or extruded
direction. The discontinuously reinforced aluminum composites have been
most frequently exploited (2-5), since they have the advantage that they can
be generated by a wide range of well established primary processing techniques
(6-9) (e.g. casting, powder processing, spray forming),with the material
subsequently being converted into product form,where necessary, by
conventional secondary processing,(such as forging, rolling, extrusion,
machining, etc.). Antithetically, production of continuously reinforced
composites is extremely labor intense and almost exclusively limited to defense

applications and the aerospace industry.

Given increasing popularity of MMC's, it is pertinent that extensive testing be
done initially in the machine (axial) direction and transverse to the axial
direction. This testing will establish a material properties database for the two
critical (principal) directions. An MMC material property database will give
the designer/technician a best-worst scenario of the MMC. Ultimately MMC'’s
will be evaluated along several angles between the two principal directions.
This type of MMC evaluation and subsequent database is essential to

understand the potential of an MMC per direction. This type of investigation is
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essential if the industrial community is to recognize MMC's as the wave of the
future, and more than just a substitute for a single-phase, near-isotropic
metal. A detailed database will give the MMC community a fundamental
understanding of the material characteristics and allow the designer a greater

range of application, resulting in more for the end-users money.

1.3 OBJECTIVES AND SCOPE

The main objectives in this study are:

(a) To test and evaluate the static mechanical properties of the MMC using
experimental techniques. The monotonic tensile, bending and shear properties
were to be measured. These properties were measured along both the axial
(machine) direction and transverse to the axial direction. The rationale for
testing along the above mentioned directions is to determine if the material is

isotropic, and if not, type of anisotropy.

(b) To qualitatively gain insight into the reliability of the MMC subjected to
mechanical fatigue per deflection-level. Also, to obtain a comparison of the
fatigue life in the axial (preferred) direction relative to the transverse direction.
Therefore, several deflection-controlled, cyclic-bending tests were performed on
the MMC specimens at various deflection levels for the axial and transverse

directions.
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1.4 APPROACH TO THE PROBLEM

The mechanical properties and stress-strain response in MMC's with
discontinuous reinforcements are difficult to characterize relative to a single-
phase, isotropic metal (e.g. aluminum or structural steel). The parameters
affecting the composite material properties and reliability can be divided into

three groups:

1. Process parameters
a. primary process technique (e.g. powder, casting, spray forming)
b. secondary process technique (e.g. extrusion, rolling, forging)

c. post-processing technique (e.g. heat treating, artificial aging)

2. Material parameters
a. reinforcement form (whisker, fiber or particulate)
b. reinforcement volume fraction
c. reinforcement surface treatment
d. reinforcement type (e.g. SiC, alumina, etc.)

e. matrix type (e.g. aluminum, titanium, etc.)

3. Machining parameters - This parameter describes basically the location or
orientation from which the test specimen is cut or machined,(with respect to
the extrudate), and ultimately evaluated. This orientation is described by the
nomenclature used in the Standard Test Method for Plain-Strain Fracture

Toughness, (ASTM E 399) (4).
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The best, or most consistent, technique for machining specimens from rolled
MMC or extruded MMC stock is along one of the three orthogonal axes. These
are defined in the ASTM E 399 standard as; L (longitudinal or extruded
direction), T (long transverse direction or width) and S (short transverse
direction or thickness). The specimens for this study were machined along the
axial or longitudinal axes and transverse to the longitudinal axes. Figure 1.1
clearly shows these two principal directions relative to the typical MMC

extrudate.

A major problem in MMC load-bearing applications is that the material
properties are a function of several parameters, unlike monolithic metals.
Although MMC’s look similar to single-phase metals at the surface, they
respond completely different. Some MMC producers are claiming that their
MMC'’s are “as isotropic as aluminum”,(e.g. Advanced Composite Materials
Corp. Vice-President), or evaluting the MMC along only the “preferred-axis”.
This study will characterize a SiC/Al MMC in a way that the end-user can
maximize it’s physical potential relative to the two critical axes. Evaluating
the MMC as it rightly deserves will give rise to more accurate and suitable
applications for the MMC. Ultimately the demand for such material will rise,
reducing the final cost of the MMC to the end-user. Since ignorance has no
place in specialized materials suc.h as MMC’s, it is essential to initially qualify
and ultimately quantify the MMC’s material properties. It is this type of
rigorous evaluation that will maximize a specific MMC’s potential, while
minimizing the dangerous underengineering which can result from invalid

properties.
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CHAPTER 2
STATIC CHARACTERIZATION OF THE MMC

The material used in this investigation was a silicon carbide whisker-reinforced
(SiCy) aluminum metal-matrix composite, supplied by Advanced Composite
Materials Corp. (ACM), in extrudate form. The MMC extrudate was
approximately 3'x 6"x 3/4". The ANSI standard for this material is 2009-SiC-
15W-T8. The reinforcements were 15% by volume. The average whisker
diameter was 1/2 umeter and an average whisker aspect ratio s

(Iength/diameter) of 8-12.

2.1 INTRODUCTION

This chapter entails experimental test procedure, experimental set-up, results

and discussion of the AI/SiC MMC, for both transverse and axial orientations.

The static characterization tests, i.e. Chapter 2, were not mandatory since the
"material properties" for the MMC were obtained from the manufacturer,
Advanced Composite Materials Corp. (ACM). There was one problem, the
material properties communicated by ACM were nearly-isotropic. The
representative from ACM stated that, "although no material is truly isotropic,
it [the MMC] is as isotropic as aluminum." It was this type of thinking that

prompted the testing of the static material properties.




8

2.2 SEM EVALUATION OF THE PRINCIPAL PLANES OF THE MMC
EXTRUDATE

Before testing was initiated, the 3 principal planes of the MMC extrudate were
examined with a scanning electron microscope (SEM). The two principal
planes to be investigated, the X-Z plane and the Y-Z plane are illustrated in
Figure 2.1. These two planes correspond to the axial direction and (long)
transverse direction, respectively. (See Figure 1.1 for specific axes

coordinates). Qualitatively speaking, in Figure 2.1, the SiC whiskers resemble

a row of cylinders. If Figure 2.1B represents a side view of the cylinders, then
Figure 2.1A represents a front or back view of the same cylinders, which

appear as circles or dots.

Figure 2.2A shows another micrograph normal to the X-Z plane, which is along
the axial direction Figure 2.2B provides a micrograph normal to the X-Y plane,
an airplane view of the axial direction. Figures 2.1 and 2.2 follow the same
“cylinder” idea, where the primary direction of the whiskers is also the flow
direction of the extrudate. Although this “idea” may sound obvious, this SEM
investigation was necessary so any discrepancies between the properties ACM
provided and the material properties measured at Michigan State could be
rationalized. The micrographs strongly suggest an anisotropic composite, or at
best an orthotropic composite. The microstructure of this MMC does not

remotely resemble the microstructure of a single-phase, isotropic aluminum.



Figure 2.1 The top micrograph (A) illustrates the whisker/matrix relation
along the Y-Z plane, this corresponds to the transverse direction.
The bottom micrograph (B) illustrates the whisker/matrix
relation along the X-Z plane, this corresponds to the axial
direction.
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Figure 2.2 The top micrograph (A) illustrates the whisker/matrix relation
along the X-Z plane of the extrudate, this corresponds to the axial
direction. The bottom micrograph (B) illustrates the X-Y plane
and corresponds to a top view of the axial direction, (the Z-axis is
normal to micrograph).
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The directions of the MMC to be evaluated are parallel to the X-Z plane and the

Y-Z plane, or the axial and (long) transverse direction respectively.

2.3 MONOTONIC TENSILE TEST

2.3.1 Experimental procedure

The test procedure used to measure the tensile properties of the MMC was
ASTM designation D 3552 - 77 (11). This test method covers the
determination of the tensile properties of metal-matrix composites reinforced
by continuous and discontinuous high-modulus fibers. The method applies only
to specimens tested in the direction of the reinforcement and normal to the

direction of reinforcement.

The test specimens were machined on an electrical discharge machine (EDM)
and tested in an as-received condition. The reason for using the EDM was to
minimize the chance for abrading of the whiskers near the surface and creating
superficial stress raisers. The test specimens were cut in the machine, or
axial direction and transverse to this direction.

A sketch of the specimen dimensions can be seen, for the axial and transverse

orientations, in Figure 2.3.

The testing machine used was a closed-loop, servo-hydraulic Material Testing
Systems (MTS) machine. The testing machine was interfaced with a digital

computer that collected the elastic-plastic stress-strain test data.
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B o

Dimensions are in inches unless otherwise specified.

Orientation| L Lt L1 Lg Wg R T Wt

Axial 5 1.00 1.00 1.00 0.375 | 1.0 | 0.125 | 0.625

Transverse 3 0.75 0.25 1.00 0.250 | 0.5 | 0.125 | 0.500

Figure 2.3 Flat Tension Specimen Design for Standard Test Method (ASTM
D 3552-77) for Tensile Properties of Fiber-Reinforced Metal-
Matrix Composites.
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Initially resistance strain gages (RSG) were mounted on the tensile bars to
measure (axial) strain. The RSG’s tended to pop off the test specimens before
the tensile test was completed, therefore it was decided to use an extensometer

to measure strain.

2.3.2 Results

Table 2.1 gives the fracture strength and the maximum strain for the three
specimens tested along the transverse and axial directions. The average
ultimate tensile strength (UTS) along the transverse direction was 54,242 psi

and approximately 71,987 psi for the axial direction.

Figure 2.4 clearly illustrates that the failures were brittle and the yield

strengths and UTS were nearly equal. The typical tensile specimen for the

transverse direction had a oyjela= 46,656 psi. The typical tensile specimen for

the axial direction had a oy;elq= 67,500 psi. In short, the stress-strain curve

was primarily elastic with minimal yielding (less than 1% neckdown) at failure.

The UTS that ACM reported was 88,000 psi for the transverse direction and
95,000 psi, for the axial direction. Therefore the UTS’s reported by ACM for
the transverse direction and the axial direction were 32% and 62% greater
than the values measured. This test was a clear indication of the importance
of testing the MMC independently, before trusting the test results of an outside

source.
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Figure 2.4 Typical Stress-Strain plots of the static tension tests for the

Dansyerse (top) specimen and Axial (bottom) specimen
directions respectively.



Table 2.1
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Fracture strength and maximum strain at fracture for a static,

uniaxial tensile test for the (3) specimens tested for the

transverse and axial direction respectively.

nominal cross-sectional area = 3.125 x 10-2in.2

Specimen Number Ultimate Tensile Maximum Strain at
Strelzgtl.l), UTS Fracture, emax
psi (ue)
T 54,640 3940
T2 54,949 4105
T3 53,136 3800
UTS,vg=54,242

nominal cross-sectional area = 4.688 x 10-2in.2

Specimen Number Ultimate Tensile Maximum Strain at
St!‘el:gﬂ}), UTS Fracture, gmax
pst (ne)
Al 71,602 4437
A2 72,571 5204
A3 71,787 4506

UTS,vg=71,987
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The most obvious observation was that the tensile specimens transverse to
the axial direction failed in shear. The tensile specimens machined along the
longitudinal axis failed in tension, although the fracture surface was not plane-
normal to the load axis, as would be expected with single-phase aluminum. The
failure surface was jagged and random. This type of failure can be accounted
for due to the SiC whisker reinforcements arresting and resisting crack growth

after the aluminum matrix had failed.

Another general observation, for both orientations, was that the failures were
brittle and catastrophic. This behavior is not desired and gives very little
indication of calamitous failure,(e.g. no plastic yielding). Elastic failure is
normally undesired for load-bearing applications. This is especially so when the
safety factors approach 1.0, (e.g. fighter jet turbines or airframes). This
condition initially sounds malignant, although failure can usually be predicted
accurately if the mechanical properties, static and dynamic, are accurately
known. Process techniques are of cardinal importance for an MMC or any
composite, since it is these steps that ultimately determine the mechanical,

electrical and chemical properties of a composite.

2.4 POISSON'S RATIO, v AND YOUNG'S MODULUS, E

2.4.1 Experimental procedure

Since material conservation was a significant factor, it was hoped that some
MMC material that had been machined could be used to determine Poisson's

ratio and Young's modulus. Thus, leaving the virgin extrudate for the primary
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research.

Rectangular bars had been machined (EDM) previous to my arrival and then
never used. Several bars had been machined along both the axial direction and
the transverse direction. The bar’s dimensions were approximately 4"x 1"x
0.25". It was decided that with slight modifications these bars could be used to
experimentally determine Poisson's ratio and Young's modulus for the two

principal directions.

Resistance strain gages (RSG's) were mounted on the bars along the long axis
and transverse to this axis. The RSG's were obtained from
MicroMeasurements, gage type EA-13-060LZ-120. These gages were mounted
as close to the center (w.r.t the length and width axis) as physically possible.
The significance of mounting the gages so near the centroid (excluding depth)
was to eliminate edge effects, such as Saint Venant's effect (12), especially
near the vicinity of where the load frame fastens to the specimen. This
mounting location can be schematically seen in Figure 2.5. This mounting was
done along the top and bottom, relatively speaking, to account for, and cancel
effects due to bending. Had the specimens been very thin (e.g. 1/16") then a
single set of gages would have been sufficient. This procedure was performed

for both axial and transverse specimen directions.

The load frame used was a mechanical MicroMeasurements load frame with a
2000 pound load cell. Figure 2.7 shows the load-frame and actual specimen

load configuration.
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Figure 2.5 Schematic of strain-bar's dimensions and strain gage (RSG)
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The load cell was connected to a strain indicator calibrated to read out in
pounds. An additional strain indicator, with a switch-and-balance box, was
used to connect the four strain gages per bar. Before any strain data was
recorded, the strain gages were cycled (loaded) approximately five times. This
was to account for any gage conditioning that often occurs during the first few
loadings applied to new RSG's and contributes to extraneous values (pseudo-

strain) and zero-load drift.

There was one strain bar per orientation, (i.e. 1 axial and 1 transverse). Each
bar was loaded from 0 lbs. to 1400 lbs. in increments of 200 lbs. The strain
indicator was also checked and zeroed after each loading interval to re-balance
the bridge. The strain-bars were loaded twice for each of the four positioning
orientations. There were four positioning orientations, (1T,1B,2T & 2B), were

w.r.t. the top front of the load frame shown in Figure 2.6.

The reason for several collections of data was to arrive at a valid, average
value for Poisson's ratio and Young's modulus, since these material constants
are used to model and describe most materials. Accurate values were also of
cardinal importance since an MMC was being characterized; the level and type

of anisotropy, (e.g. orthotropy) needed to be known.

2.4.2 Sample Calculations

Poisson's ratio is a unitless elastic constant relating the lateral strain to the

axial strain by the following expression;




Figure 2.7 MicroMeasurements Load-Frame (top) used to load the “Strain-
Bars” and the actual load configuration (bottom). Notice 4 sets of
lead wires, i.e. 2 RSGs per side.
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v = -lateral strain/ axial strain [2.1]

This strain, lateral and axial, for a typical test are plotted as a function of load

for both the transverse and axial specimens in Figures 2.8 a and b

respectively. The Poisson’s ratio,v is also included for illustration.

Young's (elastic) modulus is simply the gradient of a linear elastic stress -

strain curve from the fundamental relation;
E = o/t [2.2]
where,
E = Young's modulus, psi

o = tensile stress, psi

¢ = tensile (axial) strain, pe

load must be converted to stress from the fundamental relation;
o=P/A [2.3]
where,
o = uniaxial stress, psi
P = applied load, lbs
A = cross-sectional area, in.2
Axial strain was experimentally determined from the strain gages (RSG’s) that

were mounted on the strain-bars. Figure 2.9 gives the elastic stress - strain

behavior and Young’s modulus for both the transverse and axial bars.
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2.4.3 Results

Tables 2.3 and 2.5 list the raw load-strain data, parallel and normal to the
loading axis, for the transverse strain bar and axial strain bar, respectively.
The strain was recorded for both gages per bar side, for each of the four
specimen orientations previously mentioned in the procedure,(see Figure 2.5
for RSG schematic and Figure 2.6 for the (4) loading orientations). This loading
was performed twice per loading orientation and both strain values are included

in the tables.

Tables 2.2 and 2.4 give the applied load, applied uniaxial stress, o and averaged

axial strain, ¢, and averaged lateral strain, ¢). The axial and lateral median

strains are also included, below the respective axial and lateral strains, in
brackets. If the median strain (lateral and axial) is relatively close to the
corresponding averaged strain (lateral and axial) then this would lend

considerable credibility to the averaged strains. Tables 2.2 and 2.4 show this

trend to be true. Poisson’s ratio,v is given for each load plus an overall average

v for both specimen directions. Figures 2.8 a & b show the axial and lateral
strain plotted as a function of applied load, for the transverse and axial strain
bar respectively. The axial and lateral gages were assumed to be mounted
coincident to the principal directions and the loading uniaxial. The axial and
lateral strain were the maximum and minimum principal strains respectively,

(i.e. g,= g, & g= &5).
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Poisson’s ratio was simply, by Eq. [2.1], the negative of the lateral strain
divided by the axial strain. Figures 2.9 a and 2.9 b illustrate the stress-strain
behavior of the strain bars. A linear regression was performed on the stress-
strain data of the transverse and axial strain-bars. From this regression an
elastic modulus was determined for the transverse and axial directions. The
linear regression yielded a correlation coefficient of 1.00 for both the axial and

transverse directions.

The experimental results were as follows:

for the axial specimen, E; = 18.60 Msi and v;, = 0.235.

for the transverse specimen, E;= 13.09 Msi and v,, =0.323.
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Table 2.2 Average strain (lateral and axial) values and respective uniaxial
stress for the transverse strain-bar. The lateral and axial strain
values were averaged from the raw data in Table 2.3.
cross-sectional area = 2.132 x 10-1 in2
Applied Uniaxial Average Average Poisson’s
Load Stress, o Axial Lateral Ratio, v
(Lbs.) (Psi) Strain Strain
[median] [median]
pe pe
0 ~0 ~0 ~0 ~0
200 938.1 69.9 -26.8 0.383
[70.0] [-27.0]
400 1876.2 140.6 -47.8 .340
[140.5] [-48.5]
600 2814.3 212.1 -68.8 .324
[211.0] [-69.5]
800 3752.3 284.0 -89.4 .315
[284.0] [-86.0]
1000 4690.4 355.9 -109.1 .307
[357.0] [-105.5]
1200 5628.5 427.6 -128.1 .300
[428.5] [-123.5]
1400 6566.6 499.4 -147.1 .295
[499.0] [-143.0]
avg.v =
0.323
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Table 2.3 Load-Strain (axial & lateral) data for the transverse strain-bar

to determine Young’s (elastic) modulus, E and Poisson’s ratio, v.

Orientation 1T
Gage #5 Gage #6 Gage #7 Gage #8
Applied
Load Axial Lateral Axial Lateral
(Lbs.) Strain, pe Strain, pe Strain, pe Strain, pe
0 ~0 ~0 ~0 ~0
200 12/10 -3/-12 125/ 135 -44 / -46
400 42/ 33 -12/-18 236 / 253 -79 /-81
600 84 /174 -36/-29 340/ 357 -109/-112
800 140/ 125 -53/-43 428 /448 -134/-140
1000 195/ 184 -68/-59 512 /537 -158 /-167
1200 245/ 241 -74/-73 620/ 617 -186 /-186
1400 298 / 302 -86/-88 | 708/698 -211/-207
Orientation 2T
0 ~0 ~0 ~0 ~0
200 50/ 52 -24 /-24 92 /89 -31/-29
400 132/125 -51/-47 148/ 158 -46 / -50
600 217/ 199 -76/-71 204 / 227 -61/-69
800 311/292 -106 / -100 257 /276 -76 / -83
1000 381/373 -126 /-125 328/ 334 -96 / -98
1200 467 / 460 -153/-151 379/ 394 -110/-115
1400 535/ 538 -172/-174 457 / 459 -132/-134
Orientation 1B
0 ~0 ~0 ~0 ~0
200 56/ 36 -30/-17 78 /108 -28/-35
400 111/76 -45 /-27 170/ 203 -55/-63
600 165/ 130 -61/-42 256 / 293 -79/-88
800 216/ 182 -75/-55 344 / 387 -105/-116
1000 271 /238 -87/-69 433 / 477 -131/-141
1200 335/290 -104/-83 521/ 559 -155/-165
1400 401/ 358 -118/-100 593/ 642 -172/-188
Orientation 2B
0 ~0 ~0 ~0 ~0
200 58/59 -28/-26 78 /81 -26 / -25
400 146 /135 -56/-50 134/ 147 -40/ -44
600 224 / 205 -79/-70 197/ 222 -55/-64
800 300/ 276 -100/ -89 270/ 292 -74 / -82
1000 377/ 348 -121/-109 340/ 366 -91/-102
1200 438 /418 -137/-127 419/ 439 -112/-120
1400 507 / 497 -154 / -149 497 / 506 -132/-137
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Table 24  Average strain (lateral and axial) values and respective uniaxial

cross-sectional area = 2.091 x 10-1 in2

stress for the axial strain-bar. The lateral and axial strain
values were averaged from the raw data in Table 2.5.

Applied Uniaxial Average Average Poisson’s
Load Stress, o Axial Lateral Ratio, v
(Lbs.) (Psi) Strain Strain

[median] [median]
pe pe
0 ~0 ~0 ~0 -

200 956.5 50.6 -12.1 0.239
[49.0] [-13.0]

400 1913.0 101.0 -23.6 .234
[93.0] [-23.0]

600 2869.4 151.3 -35.4 234
[150.0] [-33.5]

800 3825.9 202.3 -47.4 234
[204] [-45.5]

1000 4782.4 255.8 -58.3 .228
[261.0] [-58.0]

1200 5738.9 306.2 -72.2 .236
[308.0] [-75.5]

1400 6695.4 358.8 -85.2 237
[356.5] [-84.0]

avg.v=

0.235
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Table 2.5 Load-Strain (axial & lateral) data for the axial strain-bar to
determine Young’s (elastic) modulus, E and Poisson’s ratio, v.

Orientation IT
Gage #5 Gage #6 Gage #7 Gage #8
Applied
Load Axial Lateral Axial Lateral
(Lbs.) Strain, pe Strain, pe Strain, pe Strain, pe
0 ~ 0 ~0 ~0 ~0
200 31/30 -4/-5 71/74 -18/-18
400 86/79 -13/-17 133/ 125 -30/-29
600 139/ 137 -26 /-30 182 /168 -42 /-37
800 193 /193 -36/-44 233/215 -52/-47
1000 244 / 246 -48 / -55 295/ 276 -66/-61
1200 284 / 289 -58 /-64 352/ 340 -79/-75
1400 324 / 331 -67/-75 B 425 / 407 -96 /-91
Orientation 2T
0 ~0 ~0 ~0 ~0
200 46/ 40 -16/-14 52 /53 -11/-12
400 104 /93 -31/-25 90 /93 -18/-21
600 175/ 161 -48 / -43 117/ 124 -24 /-26
800 230/ 232 -61/-61 153 /148 -31/-31
1000 293/ 295 -76/-76 188 /190 -38/-38
1200 343/ 346 -91/-90 233 /236 -49 / -50
1400 396/ 397 -104 /-105 _ 285 /277 -61/-60
Orientation 1B
0 ~0 ~0 ~0 ~0
200 10/9 4/4 89/92 -25/-25
400 46 /42 -7/-6 151 /157 -40/-41
600 98 /91 -20/-16 199 / 206 -51/-52
800 158 / 146 -36/-32 244 / 254 -62/-63
1000 217/ 206 -48 / -48 289 / 294 -71/-71
1200 278 /272 -64 / -68 325/ 328 -79/-78
1400 348/ 347 -85/ -86 350/ 356 -83/-83
Orientation 2B
0 ~0 ~0 ~0 ~0
200 18/20 -1/-7 87/ 87 -23/-22
400 58/55 -12/-16 151/ 153 -36/-36
600 103 /99 -25/-28 214/ 208 -50/-48
800 158/ 150 -40/-42 268 / 262 -61/-60
1000 222 /218 -53/-46 315/ 305 -70/-68
1200 291/ 284 -84 /-76 356 / 342 -76/-74
1400 358/ 357 -103/-98 398/ 384 -83/-82
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2.5 FLEXURAL MODULUS AND BENDING STRENGTH

2.5.1 Experimental Procedure

A static 3-point test was performed on the SiC/Al MMC for both the axial and
transverse directions. The nominal specimen dimensions were 1/4”x1/4” with a
2"span. A Servo-Hydraulic Instron (model 1320) materials testing machine
was used to conduct the test. The 3-point fixture had an extensometer
mounted to a mechanism mid-span, (Figure 2.10), which measured maximum
deflection. The strain channel was used to control the machine, since
deflection was the controlled-variable.

The extensometer had a maximum strain range of 10%, therefore the
maximum deflection was 1 mm. The gage length was 1 cm (10mm). Each
specimen was deflected in increments of 0.02mm (5% on LED meter) and the
corresponding load was recorded. This loading was performed until the
specimen failed. From this load-deflection data, both the elastic and plastic
behavior are known. This test was performed for six specimens, three per axial

direction and three per transverse direction.

Initially, using uniaxial data, it was calculated that approximately 0.5mm
deflection, or 50% extensometer range, would create adequate stress to
fracture for both the axial and transverse specimens. While conducting the
tests, it was discovered that even 1mm deflection, or 100% , was not sufficient

to induce specimen fracture for either the axial or transverse direction.
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Figure 2.10 Fixture used for the static, 3-point bend test
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Since 1mm deflection was the maximum range of the extensometer and the
specimen didn’t fail, it was decided to do the following for each static 3-point
test: (1) load the specimen to 1mm or 100%, (2) unload the specimen to zero
load and record the deflection reading on the LED meter, this would be the
plastic (permanent) deflection and (3) after recording the plastic deflection,
zero this channel and again perform test as stated previously until specimen
fracture. From the second set of deflection-load data points the plastic
deflection (step 2) had to be added to the deflection recorded from the LED.
This procedure allowed the specimen to be deflected beyond 1mm, (maximum

extensometer travel), and yet yielded valid elastic-plastic data.

2.5.2 Sample Calculations

For this test, the loads and deflections were recorded right off the LED meter
on the Instron. The load was in pounds (English) and the deflection was in
millimeters (SI). The deflection was converted to inches (English) to keep the

data consistent. The English system was chosen arbitrarily.

From the elastic load-deflection data, the Flexural Modulus was computed from

the following relation,

E = -PL3/ 4841 [2.4]

Where,
P = applied load, lbs

L = span of specimen, in.
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de = elastic deflection, in.

I = moment of inertia, in.4
E = flexural modulus, psi
After a few simple manipulations the previous expression reduced to the

following equation,
E = 512 P/3, [2.4']
This equation is now in a form where only the measured variables load, P and

deflection, , are needed to determine flexural modulus, E.

From the load-deflection data representative flexural bending strength could be

determined from the flexural formula,
o=MY/ (2.5]
Where,
M = bending moment, in-lbs.
Y = distance from neutral axis to outer fiber, in.

I = moment of inertia, in.4
o= maximum bending stress (outer fiber), psi

After some data reduction, Eq.[2.5] reduced to the following expression for our
specimen geometry;
o=192(P) [2.5']

From this expression, the only quantity that was experimentally required was

the flexural load P, and the flexural stress could then be calculated.
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2.5.3 Results

Note: The flexural strengths obtained for this test are anomalous. The test
specimens failed after an appreciable amount of plastic deflection, thus
violating the Flexural Formula, Eq.[2.5], which assumes linearly-elastic

deflection. This will be addressed in the discussion.

Table 2.6 shows the anomalous flexural strength of the 3 specimens tested per
orientation. The average anomalous flexural strength for the transverse and

axial orientation was 89,012 psi and 116,300 psi respectively. Tables 2.7 and

2.8 list the discrete load-displacement data for two typical 3-point-static-bend
specimens, along the corresponding transverse and axial directions. Figure
2.11 demonstrates the typical flexural load-deflection behavior of the SiC/Al
MMC. The loading scheme was a load-unload-reload to fracture procedure,
therefore the test consisted of essentially 2 cycles. Eventhough the load cycles
were static, by the second cycle the material had already began to strain-
harden (i.e. the flexural modulus E increased). This stiffening, or hardening, is

clearly illustrated in Figure 2.11.

2.5.4 Discussion

The flexural strengths obtained for the axial and transverse were anomalous,
due to the violation of the flexure formula. Since the deformation was largely
plastic, the calculations for bending strength, Eq.[2.5], were much larger than

the actual fracture stress. The reason for this is that the flexure formula
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assumes linearly-elastic deformation, thus when the strength was determined
the equation assumed the deformation was elastic. It is common knowledge
that once a material begins to plasticly yield it takes much less stress to
continue to deform the respective material. The monotonic stress-strain curve
of the MMC was quasi-elastic for the tensile test, See Figure 2.4, thus it was
assumed that this behavior would also follow for the static bend test. This was
definitely not the case as can be seen in Figure 2.11. Since the plastic bending
analysis is beyond the scope of this study, the flexural strengths in this section

will simply be referred to as “anomalous”.

The static flexural test yielded very interesting results. Besides measuring the
flexural moduli,E and anomalous flexural strength, the test also showed the
elastic-plastic behavior of 2 static cycles to fracture, per specimen direction.
Normally, with a monolithic aluminum, the elastic load-deflection gradient of
the second cycle would be nearly identical to that of the first cycle, therefore
performing such a test would be redundant. Although, for the SiC/Al MMC this
was not the case. The MMC exhibited very distinct behavior; the first cycle,
(for both transverse and axial specimens), resembled that of a single-phase
aluminum, where the matrix seemed to be resisting the load. The second cycle
looked very similar to that of an elastic-perfectly plastic material, especially
for the transverse specimen. Both the transverse and axial specimens flexural

modulus increased approximately 4% on the second cycle, which is respectable.

The anomalous flexural strength for the transverse specimen was 50% greater

than the respective transverse UTS and the anomalous flexural strength for



Table 2.6 Static Flexural Bending Test results.
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Anomolous
Specimen Number Specimen Flexural Strength
Orientation psi

15AB Transverse 84,864
18AB T<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>