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ABSTRACT

In 1995, a program was initiated at the Massachusetts Institute of Technology (MIT) to develop the
technology to design and manufacture a micro-gas turbine generator. The objective of the research is to
demonstrate a full-scale, functional micro-gas turbine generator by the year 2000. To meet this
milestone, the first engine to test will be constructed of single<crystal silicon. Due to its low brittle-to-
ductile transition temperature, silicon is not ideal for a production engine. However, the
microfabrication technology for silicon is far more advanced than other candidate materials making it the
best shortterm option. In support of the micro-engine project, this thesis investigates the high
temperature creep capability of silicon. The goal of the investigation is to develop a creep relationship
upon which the demonstration engine can be designed.

The proposed micro-turbine will initially be designed for a power generation application. With a
20 mm diameter and 4 mm axial length, the micro-engine should be able to generate electrical power
at over 10 times the power density of a comparably sized battery. Other applications for this
technology have been identified, including; propulsion for small unmanned air vehicles, boundary
layer control, a micro-turbine expander for miniature cooling systems. a turbo pump for micro-rocket
engines, and a micro-motor driven pump or compressor for fluid handling applications.

To characterize the creep behavior, representative samples of single-crystal silicon were tested in
bending using a silicon carbide 4-point bend fixture. For a given applied stress, tests were run at several
temperatures between 600 and 850°C. The creep of specimens in this temperature range was dominated
by localized deformation at the inner loading point. Etching of the specimens revealed a high density of
slip bands on the <111> planes at these locations. The overall specimen deformation proceeded via the
formation of "plastic hinges" at the inner loading points. The localized nature of the creep response is
not amenable to the application of standard continuum power law models, however an empirical Larson-
Miller fit was applied in order to provide some guidance for micro-engine design.

Finally, it is important to note the implications that the observed specimen plastic collapse has for
the design of the micro-engine. The strain-softening characteristic of yielding silicon must be accounted
for in the detailed design. Improper treatment of localized stress concentrations could result in
premature engine failure.

Thesis Supervisor: Prof. S. Mark Spearing
Title: Esther and Harold E. Edgerton Assistant Professor of Aeronautics and Astronautics
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CHAPTER 1 INTRODUCTION

1.1 MICROENGINE PROJECT OVERVIEW

In 1995, the Massachusetts Institute of Technology (MIT) received funding from the U.S.
Army Research Office to pursue the design and manufacture of a micro-gas turbine generator.
The scale of the proposed turbine is to be approximately 20 mm in diameter by 4 mm in axial
length. Analysis predicts that a micro-engine of this scale could generate electrical power at over
10 times the power density of the best comparably sized battery'. The objective of the research
is to develop the necessary micro-engine technology base and demonstrate a full-scale, functional

micro-gas turbine generator by the year 2000.

Preliminary design studies, performed at the inception of the project, suggest that a micro-
engine of this scale could ultimately produce 50-100W of power. This estimate assumes the
micro-engine to be running with efficiencies equivalent to those of a modern, large scale, gas
turbine’. However, the goal for the first engine to test on this project is a more feasible power of

10W.

A "demonstration engine" has been designed as shown in Figure 1.1.1. This configuration
consists of a single spool centrifugal flow compressor and turbine. The engine will consume 11-
15 g/hr of gaseous H, and spin at 1.2 million rpm on gas bearings. The combustor exit gas
temperature will exceed 1600K. The demonstration engine will not have any electrical
machinery, and could be used as the baseline for thrust producing devices for propulsion or
flow-control applications. ~ Additional engine configuration information is included in
APPENDIX A.1. The challenge to obtain this level of performance is being undertaken by a
team of faculty and students, organized in a manner to simulate an actual jet engine

manufacturing company.
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Figure 1.1.1: Demonstration micro-gas turbine engine
schematic.

In addition to the micro-gas turbine generator project, several other applications of this
micro-machine technology have been identified for further research and development. Among
those offshoot projects are a micro-jet engine for small unmanned air vehicles and control of
boundary layers in large aircraft or engines, a micro-turbine expander for miniature cooling
systems, a turbo pump for micro-rocket engines, and a micro-motor driven pump or compressor

for fluid handling applications.

1.2 MICROENGINE DESIGN AND MATERIAL CONSIDERATIONS

Considering the high combustor exit temperature and a calculated maximum rotor stress on
the order of 100 MPa for the demonstration engine, proper material selection is critical. In most
turbine applications, performance is limited by material capability. The micro-engine is no
exception. The chosen material must have a high strength to density ratio to withstand the

severe centrifugal loads and be capable of resisting creep at high operating temperatures.

The most promising class of materials for the micro-engine application are ceramics.
Ceramics have relatively low densities compared to the metals used in conventional large-scale
gas turbine engines, but maintain a high stiffness, a high strength and a low coefficient of thermal
expansion, over a wider range of temperatures'. Ceramics have been used sparingly in large-scale
applications due to their low fracture toughness. However, the ability to resist fracture has

%3, As parts get smaller, their fracture strength increases.

proven to be scale dependent
Therefore, ceramics are an attractive option for use in the micro-engine. Unfortunately, the

technology for micro-fabrication of the most refractory ceramics (SiC, Si;N,, AL,0,) is still in its

10



infancy. At the present time, there is no proven method for generating the smallest details of the

micro-engine, which have scales on the order of 1-10um, out of preferred ceramic materials such

as silicon carbide (SiC).

The difficulties associated with ceramic micro-fabrication led to the investigation of single
crystal silicon (Si) as a short-term substitute. Due to the wide use of silicon in microelectro-
mechanical systems (MEMS) applications, silicon micro-fabrication techniques are highly
developed and thus can be more easily adapted to the construction of a micro-engine than those
of silicon carbide. Therefore, in order to meet the contract commitment to demonstrate the
demonstration engine by the year 2000, silicon was chosen as the primary engine material.
Silicon has superior specific strength characteristics to that of silicon carbide at low
temperatures, and comparable specific stiffness. Unfortunately, silicon has a brittle-to-ductile
transition temperature (BDTT) of only 550°C*, making it susceptible to creep at relatively low
temperatures in comparison to the engine operating environment. To this date, very little work
has been done to characterize the creep properties of silicon in the temperature and stress
envelopes of the micro-engine. The purpose of this thesis is to develop a constitutive relation to

describe the creep characteristics of silicon for use in designing the demonstration micro-engine.

1.3 THESIS CONTRIBUTIONS

The lack of available creep data for singlecrystal silicon prompted the MIT micro-engine
team to initiate a series of creep characterization tests. Material behavior is paramount to the
overall performance of the micro-engine, therefore accurate material data is essential. This thesis
documents the results obtained from the silicon creep experiments performed at MIT in support
of the micro-engine project. Plastic collapse, due to local load point stress concentrations, was
observed in the creep specimens. This phenomenon prohibited the development of constitutive
equations, which could be used to design the engine. However, with the unexpected results
come great insight into the high temperature behavior of silicon and its impact on the design
requirements of the micro-engine. In addition, methods for supplementary creep testing are

outlined.
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CHAPTER 2 . CREEP CHARACTERIZATION - BACKGROUND

2.1 CREEP MECHANISMS

When a material is heated to greater than approximately 40% of its homologous melting
temperature and a constant stress is applied, significant deformation can occur over time’. This
rate-dependent deformation is known as creep and if sustained will ultimately lead to component
failure. In many materials the entire creep process can be broken down into three distinct
regimes; primary, secondary and tertiary as shown in Figure 2.1.1. The primary stage is
characterized by a decelerating rate of deformation; the secondary stage erhibits a steady-state
creep rate; and the tertiary stage has an accelerating creep rate that often results in material
rupture. Although the three-stage creep definition is common for many materials it is not

always appropriate.

! : -

Strain (g) I

Time (t) ——>

Figure 2.1.1: Typical three-stage creep curve.

The mechanisms causing creep deformation vary depending on the material microstructure,

loading temperature and stress level. Some of the more common mechanisms are described in

12



the following paragraphs.

DISLOCATION GLIDE:

Although creep is generally thought of as a high temperature phenomenon, given sufficient
stress levels, creeping dislocation glide can occur at relatively low temperatures. As a dislocation
travels along a glide plane it will invariably encounter obstacles. During dislocation glide creep,
thermal energy supplies a dislocation with the additional activation energy it needs to bypass the

obstacle. Using chemical kinetic principles, the dislocation glide creep rate can be approximat.d

bylo

.. U, tha,
E=¢,CXp __l-(—'IT exp F ( )
2.1.1

where, &, is a material parameter, U, is the work required to overcome the obstacle, 7 is the

applied stress, b is the Burgers vector, a, is the slip plane area, k is the gas constant and T is the

temperature. The process of dislocation glide creep involves no diffusional flow mechanisms.

DIFFUSIONAL FLOW CREEP:

Diffusional flow creep can be subdivided in to two separate mechanisms; Nabarro-Herring
Creep and Coble Creep. Nabarro-Herring Creep is the opposite of dislocation glide in that it is
accomplished entirely through diffusional mass transport®®. This type of diffusional creep is
prevalent in regimes of low stress and high temperature. As a material is subjected to stress, a
shift is seen in the atomic volumes. Areas of tensile stress experience an increase in volume,
while areas of compressive stress experience a decrease. A difference in vacancy concentrations
between the tensile and compressive regions results in vacancy flow. To maintain equilibrium,
there is an equal mass flow in the opposite direction. The result is grain elongation and thus

creep. The creep rate for Nabarro-Herring Creep can be represented as,

a2 22) (212

where, Ay, is a geometrical factor, D, is the lattice self-diffusion coefficient, d is the grain size,

and Q is the atomic volume.

13



Coble Creep is closely related to Nabarro-Herring Creep in that it is driven by the same
vacancy concentration gradient”®. The difference in Coble Creep is that the mass flux is directed
along the grain boundaries for polycrystals and along the surface for single crystals. The

equation for Coble Creep is given by,

é=AC(D§§"6’)(%§TE) (2.1.3)

where, A is a geometrical factor, Dg, is the grain boundary (or surface) diffusivity, and &' is the
grain Y undary thickness. Like Nabarro-Herring Creep, Coble Creep is dominant in a low
stress, high temperature environment, but clearly there are differences in the two mechanisms,
most riotably grain size effects. Due to the higher exponent value, Coble Creep is much more
sensitive to grain size. Since there is an inverse relationship between creep rate and grain size, it

is likely that Coble Creep will dominate in materials of particularly small grain size.

DISLOCATION CREEP:

For many materials, dislocation creep dominates over a broad range of moderate stresses
and temperatures. Although several mechanisms to describe this type of creep have been
postulated, there is little experimental evidence of their applicability®. However, it is known
that there is a strong dependence on stress magnitude in dislocation creep. Unlike the diffusional
flow creep mechanisms that have a linear dependence on stress, dislocation creep has a stress
exponent typically in the range of 3 to 7. The power law creep model, described later in section

2.2, is often an effective tool for fitting experimental data in the dislocation creep range.

To track the different creep regimes for a given material, deformation-mechanism maps
have been created. These graphs plot temperature, normalized by the melting temperature,
versus the natural log of stress, normalized by the shear modulus. A typical deformation-
mechanism map is shown in Figure 2.1.2. Ashby and Frost® have compiled information and
generated deformation-mechanism maps for a wide range of materials including silicon. Their
map of silicon, as presented in Figure 2.1.3, shows that in the operating temperature and stress

ranges of the micro-engine, silicon creep is expected to be dominated by power law dislocation

14



mechanisms. Note that this map is constructed for polycrystalline silicon, but that single-crystal

data is overlaid.

Dislocation Glide

Dislocation
Creep

Elasticity

Normalized Stress In(a/G) ——>

Homologous Temperature T/T,,——>

Figure 2.1.2: Typical creep deformation-mechanism map.
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2.2 CREEP MODELS

To effectively design components with sufficient creep life for high temperature
applications, an engineer must be able to characterize the creep growth rate. Much work has
been done to develop empirical models that accurately describe this deformation phenomenon.
Traditionally, the models have concentrated on describing only the steady-state portion of the
creep curve. This method has proven successful over the past thirty years in many applications
where part life is expired prior to tertiary creep due to achieving a specified accumulated strain
level. Unfortunately, these models have no means to characterize the primary stage incubation
period and can thus be overly conservative. However, recently some success has been achieved
in developing relationships to describe the entire creep strain curvature. Two of the more

common methodologies are described in the following paragraphs.

POWER LAW CREEP:
The power law relationship for describing steady-state creep is a commonly used model.
The underlying assumption in the power law model is that the strain rate (£) is an independent

function of stress (6) and temperature (T) such that’,

¢ =u(o)-v(T) (2.2.1)

Although there is more than one interpretation of what these functions of stress and

temperature should be, by far the most common are,

u(o) < c" (2.2.2)

v(T) exp(—%] (2.2.3)

Substituting the functions u and v into equation 2.2.1 yields the power law equation for creep,

¢ =Ac" exp[— &J
RT (2.2.4)

where A is a constant of proportionality, n is a constant exponent, Q is the creep activation
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energy and R is the gas constant. Although A, n and Q are often thought of as constants, in
actuality they are generally all found to be weak functions of stress and temperature.
Fortunately, over limited ranges of stress and temperature, they can often be considered
constant. In addition, when the material temperature is greater than half of the melting
temperature, Q behaves independent of stress and temperature and is approximately equal to the

energy for self-diffusion™.
6 PROJECTION CONCEPT:

To address the shortcomings inherent in the power law creep methodology, significant
effort has gone to developing a general equation describing the entirety of the three-stage creep
curve. One such method, which is currently receiving much attention, is the 6 Projection
Concept. This method is molded around the notion that the entire three-stage creep curve can
be modeled as the sum of a decaying primary stage and an accelerating tertiary stage’. Using this

method, the strain as a function of time is described as,

e=0,(1-¢)+0,(e -1) (2.2.5)

The constants 0, and 0, are scaling factors relating to the primary and tertiary components of the
creep curve respectively. The exponential powers 0, and 6, define the deceleration and
acceleration of the primary and tertiary stages respectively. Each of these parameters relates to

stress and temperature by the general equation,

In6, =a; +b,6+¢,T+d,cT (2.2.6)

Constant stress creep tests can be used to determine the values of each of the 20 coefficients (5 for

each of the 4 values of 0), so given the stress and temperature, a creep curve can be generated.

2.3 SILICON CREEP CHARACTERIZATION
Although, to date, there is limited creep data available for silicon, there have been some
experiments run over limited stress and temperature ranges. Most of the data comes from a

series of tests performed in the late 1960's and early 1970's. The most notable of this work comes

17



from Alexander and Haasen', Myshlyaev et al., and Taylor and Barrett”. Details of the

contributions from each of these papers are described in the following paragraphs.

ALEXANDER AND HAASEN:

Alexander and Haasen" explored dislocations in materials with the diamond cubic structure
(D.S.). A portion of the paper is devoted to creep experimentation with particular focus on
singlecrystal silicon. The creep tests were performed in bending over a temperature range of
800 to 940°C and a shear stress range of 2 to 7 MPa. The experiments revealed an accelerating
primary stage and decelerating tertiary stage resulting in an S-shaped creep curve similar to that
shown in Figure 2.3.1. Although this shape differs greatly from the classic three-stage creep
curve (Figure 2.1.1) Alexander and Haasen found this shape consistent among D.S. crystals. In

addition, extraction of a power law model was possible, due to the steady-state secondary stage.

Decelerating

T

Strain (g) Constant

Accelerating

Time(t) —>

Figure 2.3.1: A typical creep curve of D.S. crystals.

Based on the power law model, Alexander and Haasen derive from their experiments an
exponential power coefficient n=3 and an activation energy Q=232 kJ/mol. A proportionality

constant, A, was not evaluated in the study.

MYSHLYAEV ET AL.:
Myshlyaev et.al.”?, writing one year after Haasen and Alexander in 1969, concentrated solely

on the creep of silicon. Single-crystal silicon was tested under uniaxial compression in an argon
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atmosphere. The tests ranged in temperature from 900 to 1300°C and in stress from 20 to 147
MPa. As Alexander and Haasen had observed, Myshlyaev et al. found the creep curve to have
an S-shape. However, Myshlyaev et al. also noted that the tertiary stage, at significantly low
pressures and temperatures, eventually settled at a constant rate and remained there through the
completion of the test, as presented in Figure 2.3.1. In addition, at sufficiently high pressures
and temperatures, the specimens followed the classic three-stage creep curve. These tests ended

with an accelerating tertiary stage culminating in rupture.

Myshlyaev et al. focused their results on the steady-state portion of the tertiary stage. They
concluded that up to a maximum stress of approximately 100 MPa, the steady-state creep rate

could be described by the equation,

s (2.3.1)

_ 21, 3
: _10Ms" exp(_ 5.6eV —2.7x10 cm c)
where the value 2.7x10% cm’ is the activation volume, 5.6V is the height of the energy barrier
and 10" s’ is £ at 1/T=0. Figure 2.3.2 shows the creep equation plotted as log strain rate versus

temperature for various values of stress.
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Figure 2.3.2: Myshlyaev et al. creep rate plotted versus
temperature for stresses of 50 (1), 60 (2), 70 (3), 80 (4), 90 (5),
and 100 MPa (6).
TAYLOR AND BARRETT:

Three years after Myshlyaev et al. completed their study, Taylor and Barrett” conducted
their own experiments on the creep characterization of single-crystal silicon. One of the
primary differences between the two studies is the crystal orientation. Myshlyaev et al. had
oriented the crystals such that the load was applied along the <111> direction. This
orientation ensured the interaction of multiple slip systems. Taylor and Barrett wished to
characterize the creep differences between single slip and multiple slip. To do this, they oriented

their singlecrystal specimens such that the (111),< 011 > slip system had the maximum shear

stress for uniaxial compressive loading".

Taylor and Barrett conducted their tests at temperatures above 0.6 times the absolute

melting temperature of single-crystal silicon. They too saw creep behavior similar to that shown
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in Figure 2.3.1. However their tests concentrated on the behavior after the decelerating Tertiary
stage, as did Myshylaev et al. Based on their study, the creep in this region can be described by

the equation,

y =aln(vt+1) (23.2)

where, representative values for o and v are 10 and 2.5 min™ respectively. In addition, Taylor
and Barrett evaluated the activation energy of single-crystal silicon. They found the average

apparent activation energy to be 264 + 38 kJ/mol.

2.4 BRITTLE MATERIAL CREEP TESTING
2.4.1 AVAILABLE TESTING METHODOLOGIES
DIRECT TENSION METHODS

"Direct tension" refers to the class of material tests that are performed by placing a specimen
in pure tension. These tests are popular because the analysis of their results is straightforward.
A specimen tested using a direct tension method will have a gage section with a simple and
predictable stress state. Unfortunately, due to the brittle nature of silicon, traditional direct

tension testing techniques are unlikely to be practical.

Many direct tension test setups involve friction gripping at both ends of a flat "dog bone"
shaped specimen, as shown in Figure 2.4.1(a). The specimen has a larger cross-sectional area at
the grip points to ensure that the maximum stress occurs at the midpoint in the gage section of
the specimen. Unfortunately, friction gripping causes high shear stresses often resulting in
premature fracture at the grip interface for brittle materials like silicon. This issue can be
avoided by incorporating high grip-to-gage cross-sectional area ratios, but this creates additional
difficulties. In particular, errors can result due to the increased probability of machining damage
of the relatively large gage section surface area compared to the relatively small gage cross-
sectional area. To avoid these shortcomings, cylindrical "buttonhead" specimens have been
developed, as shown in Figure 2.4.1(b). For these specimens, the load is transferred through a
"buttonhead" instead of through frictional gripping. This technique can only be used for

materials of moderate tensile strength because of the stress limitations at the "buttonhead" and
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unfortunately, determination of this stress limit is extremely difficult. In addition, the cost of

the grips and specimens are relatively expensive compared to traditional methods.

@ (®)

Figure 2.4.1: Specimen shapes for direct tensile testing. (a)
"Dog bone" shape. (b) Cylindrical "buttonhead” shape.

INDIRECT TENSION AND FLEXURAL METHODS

Several alternative methods of performing tension tests have been developed for use when
direct tension can not be used or is impractical. One such method is the theta test*. For this
test, a specimen is machined in a shape similar to the Greek letter theta (8). The test piece is
loaded on the top and bottom of the "theta" creating a uniaxial state of tension in the horizontal
cross bar. Another example is the C-ring test'. This test involves loading a "C" shaped
specimen at the top and bottom in either tension or compression. If testing is performed in
tension, then tensile stresses are generated on the interior of the C at the axis of symmetry.
Conversely, if testing is performed in compression, then tensile stresses are generated on the

exterior of the C at the axis of symmetry.

The most common of the indirect tension testing methods are the 3-point and 4-point bend
tests. For these methods, a rectangular beam is subjected to a known bending moment by the
application of 3 or 4 point loads as shown in Figure 2.4.2. Although the test is simple and
inexpensive to set up and run, it presents some difficulties for analysis and data reduction. In
particular, the strain can not be measured as easily as it can using direct tension tests. Instead it

must be estimated based on the measured deflection of the specimen and on beam-bending
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theory. Also, since the test specimen is in bending, there is a stress gradient from the top of the
specimen that is in compression, to the bottom that is in tension. This can create a problem for
materials that behave differently in compression and tension. In addition, the presence of the
maximum stress at the surface of the specimen can result in preferential failure from surface
flaws". Despite the analytical drawbacks, the 4-point bend test was found to be the most
appropriate method for creep testing of silicon in support of the micro-engine program. This
was largely due to the availability and affordability of single-crystal silicon wafers, which can be
easily cut into rectangular specimens. The following section provides additional details

regarding the use of 4-point bend tests to obtain creep data.

Test Specimens

/l’ \

Figure 2.4.2: Flexural testing types. (a) 3-point bending. (b)
4-point bending.

2.4.2 4-POINT BEND TEST TECHNIQUES - A LITERATURE REVIEW

The following paragraphs are a compilation from the literature, of techniques used to
perform 4-point bend tests to determine creep characteristics. This summary will focus on those
studies and papers that helped to define the methodology used in the micro-engine silicon creep
tests. Before the methodology can be derived, some assumptions must be made. In particular, a
mathematical model for the creep deformation, such as the ones presented in section 2.2, must
be selected. For the purpose of this research, the power law model is chosen. There is no
guarantee that the power law model will accurately represent the test data, but it is a good

starting point and one that is supported by the work of Alexander and Haasen''.

Although 4-point bend tests are easy to perform, they are usually not accompanied by a
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simple data analysis. In particular, it is often difficult to accurately determine the strains within
the test beam. A 4-point bend test works by generating a constant moment across the gage
section of the specimen. The shear-moment diagram for this setup is shown in Figure 2.4.3.
Assuming ideal beam-bending theory applies, a constant moment will yield a constant curvature
between the inner loading points. Therefore a test setup which measures the specimen center
point deflection relative to the deflection of the two inner load points can fully characterize the
beam curvature. From this starting point, Hollenberg et al.”” derived an expression for the

maximum strain,

4h
Eum = 7 (Ve =Y1) (2.4.1)

where h is the specimen thickness, a is the distance between the inner load points, y. is the
deflection at the center of the specimen and y; is the deflection at the load points. To make the
experimentation easier, Hollenberg et al. also derived equations assuming that only load point
deflection measurements were available. Making certain geometric assumptions, it was
concluded that for small deflections the maximum strain is,
2hy,

€ =

=] (2.4.2)

where L is the distance between the outer load points.
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Figure 2.4.3: Shear-Moment diagram for a 4-point bend test.

Assuming that creep rate is proportional to stress raised to the "nth" power, as is consistent
with the power law theory, Hollenberg et al. set out to relate the maximum stress and strain to

the creep exponent "n". Using the method of creep compliance, they developed the equations,

_3(L-a)p(2n+1)
e bh? 3n

(2.4.3)

. 2h(n +2)
mex (L—a)[L+a(n+1)]yL

(2.4.4)

where 2P is the applied load. Note that only the deflection at the inner load points is required
for these calculations. However, the test setup for the micro-engine silicon creep testing only
has center point deflection measurement capability. Sato et al."® had this configuration as well
and developed a revised expression for the maximum strain, which only requires a center point

measurement. The new expression s,

4h(n +2)

2L% +an(2L —a) (243)

z':mm( = -yC
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The testing method proposed by Hollenberg et al. is seen often in the literature including in
the works of, Sato et al., Wilshire and Jiang", Jakus and Wiederhorn®, Talty and Dirks", Jou et
al.® and Chuang?. Each of these studies incorporated a common approach to deriving the
power law constants "n" and "Q" (refer back to the power law relationship in equation 2.2.4.

The tests followed this general procedure:

1. At a specific temperature, a series of tests are run at different stress points within the
desired stress range. Then, another temperature point is tested ar the identical stress

values. This continues until the desired temperature range has been tested.

2. From Hollenberg et al., it is known that the deflection is a function of the applied force
raised to the "nth" power where n is the creep exponent. Therefore, a plot of log(yc)
versus log(2P) at each temperature point will have a slope of n. (Note: if the stress is

known, n will also be the slope from the plot of log(¢) versus log(c).)

3. Additionally, a plot of log(¢) versus 1/T, for each stress, will have the slope of -(Q/R).
Since R is known, Q can be directly calculated.

4. Finally, if accurate values of stress are known at each test point, then for a given test
condition the proportionality constant "A" can be found. Unfortunately, accurate stress
data is usually not readily available, therefore the test data must be correlated to an

analytical model to back out a value for the constant A.

Creep characterization using the above methodology is well documented in the literature. In
addition, the errors involved in 4-point bend testing have been meticulously analyzed. Refer to
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Baratta's” paper on flexural testing for a thorough examination of the potential sources of error

in 4-point bend testing.
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CHAPTER 3 CREEP TEST SETUP AND METHODOLOGY

3.1 TEST EQUIPMENT

The silicon creep tests performed for the micro-engine project were conducied in the MIT
Technology Laboratory for Advanced Composites (TELAC). A testing system was assembled
in the lab to simulate the high temperature environment of the micro-engine. The test
equipment can be broken down into four sub-systems: the heating unit, the loading apparatus,

the sensing mechanisms and the data acquisition equipment.

3.1.1 THE LOADING APPARATUS

The load is applied to the specimen using an M'TS 810 material testing system fitted with a
4-point bend fixture and controlled by an INSTRON™ 8500 electronic controller. The
pushrods that transmit the load to the 4-point bend fixture are constructed of alumina and the 4-
point bend fixture is made of silicon carbide. These materials are necessary due to the high

temperatures associated with creep testing.

Figure 3.1.1, Figure 3.1.2 and Figure 3.1.3 show the MTS 810, the 4-point bend fixture and the
electronic controller respectively. The 4-point bend fixture is composed of a system of
unrestrained cylindrical rollers and semicircular supports to ensure that the load is applied
evenly and to reduce errors due to load-point friction. The upper and lower rollers are spaced 20

and 40 mm apart respectively. Details of the loading apparatus are included in APPENDIX A.2.

3.1.2 THE HEATING UNIT

The silicon specimens are brought up to test temperatures using a split insulated furnace that
is attached to the M'TS 810 material testing system and completely surrounds the test specimens.
The furnace has a maximum operating temperature of 1500°C and is driven by a fully automated
electronic controller. Heat within the furnace is generated through a series of molybdenum di-

silicide (MoSi,) heating elements and the temperature is monitored with an array of three

thermocouples (see APPENDIX A.3 for specification details).
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Figure 3.1.1 and Figure 3.1.4 show photographs of the entire TELAC heating system.

3.1.3 THE SENSING MECHANISMS

To properiy execute the creep test, accurate measurements of applied load and specimen
deflection are necessary. The load is measured through a 10 kN INSTRON™ load cell, and the
deflection is measured at the specimen centerpoint with an INSTRON™ LVDT. The LVDT

has a maximum range of 2 mm and has a 1 um sensitivity.

Figure 3.1.1 and Figure 3.1.2 show the sensing mechanisms, and their specifications can be found
in APPENDIX A.3.

3.1.4 THE DATA ACQUISITION EQUIPMENT

Analog data is collected via the INSTRON™ 8500 controller (shown in Figure 3.1.3) and
then output through an A/D converter to a Macintosh Power PC. The personal computer is
equipped with LabView™ for the purpose of data collection. Kuo-Shen Chen, of the MIT Gas
Turbine Lab, created the LabView™ interface that was used in this testing. The program allows
for real-time viewing of the output data and can be used to control the data collection frequency.

A picture of the LabView™ interface control screen is shown in Figure 3.1.5. Details of the
LabView™ program used are included in APPENDIX A.5.
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Figure 3.1.1: MTS 810 material testing system with split
cylindrical furnace.
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Figure 3.1.2: Silicon Carbide 4-Point bend tixture.
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Figure 3.1.3: INSTRON™ 8500 electronic controller.
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Figure 3.1.5: Labview™ interface screen.

32



3.2 TEST PROCEDURE
The following paragraphs give a general description of the procedure used for testing the
creep properties of silicon. A formal list of instructions was created to ensure that a consistent

methodology was used. These instructions are included in APPENDIX A.6.

3.2.1 SPECIMEN PREPARATION AND SETUP

Prior to testing, the silicon specimens are cut, using a diesaw, from a 1 mm (100) n-type
single-crystal silicon wafer. The specimens were cut with the <110> directions as the long axis
of the beam. This crystal orientation was chosen because it offers the highest yield strength®.
Each specimen measures at least 45 mm in length, with a width of 9mm as shown in Figure
3.2.1. The sharp edges of the specimens are polished progressively, using 600 to 1200 grit SiC
paper, to ensure that premature failure does not occur due to brittle fracture from edge flaws.

Finally, the silicon is cleaned with methanol to remove all contaminants.

e~ 1 mm

9mmI +— 110> ————— I:I

A
v

At least 45 mm

Figure 3.2.1: Silicon test specimen dimensions.

The specimen is loaded into the 4-point bend fixture, ensuring that it is aligned axially and
that the top rollers are properly centered between the bottom rollers. Using the hydraulic
actuators of the 810 MTS system, the fixture and specimen are raised until they almost contact
the upper pushrod. This is the initial position for the specimen during the test, so at this point
the furnace can be closed and locked. With the temperature controller set to the desired
temperature, the controller program is executed to begin heating the specimen at a rate no

greater than 12°C/minute.

3.2.2 LOADING CONDITIONS

Once the specimen has soaked at the test temperature for 15 minutes (to ensure thermal
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equilibrium), the loading portion of the test begins. The MTS 810 actuator is used to lift the
specimen and 4-point bend fixture until it just barely contacts the upper push rod. This point is
signified by a shift in the load cell output from approximately zero to a negative (compressive)
force value. The INSTRON™ 8500 is now programmed to increase the load by 1 N/s until the
appropriate test load is reached. The load is maintained at a constant level until the test is
complete, at which point the actuator is manually moved to unload the specimen. The end of
the test is the point at which the LVDT exceeds its maximum range or when it is determined

that the specimen has ceased to creep.

3.23 DATA COLLECTION AND STORAGE

Data collection commences just prior to load application. The "RUN" button is selected on
the LabView™ interface to begin this process. The data collection rate is also controlled via the
interface and can be altered throughout the test as necessary typical rates. Upon completion of
the test, the "RECORD" button is selected in LabView™. This button allows the collected data
to be written to a specified file. The data is written in a columnar format to permit easy

translation into a spreadsheet for further data reduction.

A flowchart of the entire test procedure is shown in Figure 3.2.2.
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Figure 3.2.2: Test Procedure Flowchart.
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3.24 METALLOGRAPHY
To fully understand the nature of the creep within a specimen, it is necessary to study the
microstructure of the tested silicon. To view features such as dislocation pile-ups and slip bands,

the following procedure is used:

e  First, the specimen is mounted in a slow-setting epoxy that is
allowed to cure overnight.

e  Next, the specimen is cut to the desired size using a high speed
diamond saw lubricated with water and soluble oil.

o  The cut section is then mounted in a quick-setting epoxy with the
feature of interest facing out.

e  The specimen is then polished to expose the surface of interest
using the following sequence on a rotary machine at a force of

30N,
Silicon Carbide paper at 300RPM,

240 grit for 2 minutes
320 grit for 2 minutes
400 grit for 2 minutes
600 grit for 2 minutes
1200 grit for 2 minutes

Diamond grit at 150 RPM,

6 pin for 3 minutes
3 pin for 3 minutes
1 pin for 3 minutes

Alumina grit at 150 RPM,
.5 pin for 1 minute

e  Finally, the surface is chemically etched for 60 seconds with a
solution of 97% HNO, and 3% HF (55% conc.).
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CHAPTER 4  RESULTS

4.1 CREEP TEST DATA

The scope of the MIT creep testing was defined by the needs of the micro-engine project.
To fully characterize the creep of silicon for this project, creep curves are needed for the
temperature range of 600-850°C and a stress range of 30-200 MPa. Based on these ranges and the

known yield strength of silicon a testing matrix was created as shown in Figure 4.1.1. The

darkened blocks indicate the specific test points of the experiment.

Stress Level (MPa)
30 50 80 | 100 | 150 | 200

0 600
o | 650
& |700
(]

750
5
2 | 800

850

Figure 4.1.1: Silicon creep test matrix.

Unfortunately though, the exact test specimen stress can not be calculated because it is a function
of the creep exponent, as seen in equation 2.2.2. Therefore the required constant load to
generate the desired stress is not known. To determine the test loads, n in equation 2.4.3 is

assumed to be 1.0 (no creep). The input forces and their corresponding stress levels are shown in
Table 4.1.1.

Load Level (N) Stress Level (MPa)
9 30
15 50
24 80
30 100
45 150
60 200

Table 4.1.1: Assumed load-to-stress equivalents.
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The creep tests are set up to output a continuous flow of three parameters; time, load and
specimen center point deflection. As described above, the creep tests are run at a constant load,
therefore once the load is set, only displacement changes over time. The relationship between
displacement and time is the heart of the creep characterization tests. An actual displacement
versus time plot from the creep testing, at a temperature of 750°C and a constant load of 30 N, is
shown in Figure 4.1.2. There are several distinct features common to all of the curves from this
testing. Recall from the test procedure that the fixture and specimen are raised until the fixture
just comes into contact with the pushrod. This first contact occurs at point "A" Figure 4.1.2.
The actuators are then programmed to raise the fixture further until the desired load is obtained.
This is the first constant rate displacement and is marked with a "B" in the figure. During, what
is termed here, the "stage one" portion of the creep test, the material creeps at an increasing rate.
This is consistent with the stage one creep described by Alexander and Haasen, and Myshlyaev
et al. Also consistent with these papers is the constant rate "stage two". This is the creep regime
to which Alexander and Haasen concentrated on and will be the focus of the present study as
well. Notice that the stage two creep ends abruptly near a displacement of 2 mm. This is the
point at which the 4-point bend fixture reaches its displacement limit and "bottoms out". The
fixture and specimen thickness limitations prohibit us from testing into the "stage 3" region

which was tested extensively by Myshylaev et al.
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Figure 4.1.2: Raw test data at 750°C and 30 N.
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The displacement versus time curves for each test point can be found in APPENDIX A.7. The
actual output displacement data for this test setup is recorded as negative, therefore the curve

shapes in the appendix are inverted from that shown above.

In addition to the tests performed according to the matrix in Figure 4.1.1, a separate series of
tests were conducted at a temperature of 700°C and 45 N. There are a total of four tests
completed at these conditions. In each case the test is terminated at a different incremental time
point. The purpose of these tests is to document the overall creep deformation history
throughout an entire test as opposed to the center point displacement obtained by the LVDT.
The four chosen time points are shown on the original displacement-time graph (from
APPENDIX A.6) in Figure 4.1.3. The points are selected to represent each stage of the creep
curve. Point 1 is at the end of the incubation portion of stage I; point 2 is in the middle of the

stage I acceleration; point 3 is at the steady-state stage II initiation; and point 4 is at the end of

stage II.
0.0
1_\ -0.50 mm

051 Y
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Figure 4.1.3: Location of incremental test points at 700°C and 45 N.
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The displacement versus time output from each of the four tests is overlaid in Figure 4.1.4 and
individually included in APPENDIX A.8. Photographs of each of the four test specimens are
shown in Figure 4.1.5. A profilometer was used to measure the contours of each of the

specimens as well. A plot of these measurements is shown in Figure 4.1.6.
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Figure 4.1.4: Incremental test at 700°C and 45N, displacement

versus time plots. Centerpoint deflections prior to unload are (a) -
0.50 mm, (b) -0.76 mm, (c) -1.21 mm, and (d) 1.88 mm.
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Figure 4.1.5: Silicon incremental test specimens sideviews.
Centerpoint deflections prior to unload are (a) -0.50 mm, (b) -
0.76 mm, (c) -1.21 mm, and (d) 1.88 mm.
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Figure 4.1.6: Profiliometer traces of deformed shapes of specimens

shown in Figure 4.1.5. Centerpoint deflections prior to unload are (a)
-0.50 mm, (b) -0.76 mm, (c) -1.21 mm, and (d) 1.88 mm.
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4.2 DATA REDUCTION

Reducing the raw data from the silicon creep tests proved to be a less than straightforward
task. The following sections walk thiough the procedures used to attempt to convert the test
data into useful constitutive relationships. The approaches are presented in the chronological

order in which they were applied.

421 HOLLENBERGETAL. POWER LAW APPROACH

Based on the successful use of the power law relationship by Alexander and Haasen, the first
attempt to reduce the data centers on solving the power law equation using the Hollenberg et al.
relationships. At the end of each test the output (centerpoint displacement, time and load) is

imported into a spreadsheet for data reduction. The specific data reduction process is as follows:

1. The goal of this analysis is to solve for the power law creep equation unknowns, A, n and
Q as seen in equation 2.2.4. As mentioned in section 2.4.2, the first step is to derive the creep
exponent n from the relationship between centerpoint displacement rate and the applied force.
Based on the work of Hollenberg et al, Sato et al." found that in the steady-state regime, where
the strain rate is proportional to stress, the centerpoint displacement rate is also proportional to

stress. Therefore we can write,

£ oc o" (4.2.1)

Also from Sato et al., strain rate is proportional to deflection rate and stress is proportional to

the applied load. It therefore follows that,

y « (2P) (4.2.2)

Therefore if the logarithm is taken on each side of this equation then the following relation

results,

log(y) =n-log(2P)+C (4.2.3)

where y is the centerpoint displacement and 2P is the applied load. Displacement rate is

calculated by taking differential intervals (Ay/At) throughout the data set. The rate is then

42



plotted versus time so that the steady-state rate can be determined graphically. A plot of
displacement rate versus time for the test point 750°C and 30N is shown for reference in Figure

4.2.1. The entire set of displacement rate versus time plots is included in APPENDIX A.9.
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Figure 4.2.1: Displacement rate versus time plot at 750°C and
30N.

Next, the logarithm of the displacement rate is plotted versus the log of the applied force for
each testing temperature. The resulting slope of the lines is the creep exponent n. Figure 4.2.2 is
the plot generated for the silicon creep tests. A best-fit linear line is included for the test points
at each temperature. The equation defining each bestfit line is shown adjacent to the
corresponding line. The slopes vary from just under 3 to almost 5. Since the creep exponent can
only be considered constant over small ranges of stress and temperature, it is not surprising to
see this variation. A closer examination of the data reveals that the extreme low stress points
appear to skew the data in their associated temperature towards higer values of n. Upon
removal of the extreme test points, it appears that a creep exponent near 3 is appropriate over a

large portion of the temperature and stress range that was studied.
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Figure 4.2.2: Plot to determine the creep exponent n.

2. 'The next step is to determine the value of Q/R. The approach again is graphical. First the
strain rate of the steady-state portion of the test must be calculated from the raw data. Using
equation 2.4.5 the strain is calculate for each raw data point. The strain rate is found in the same
manner as the displacement rate, by calculating it at differential intervals (A€ /At) throughout
the data set. From the plot of the strain rate versus time, shown in Figure 4.2.3, the steady-state
strain rate can be determined. For this particular plot, the strain rate is approximately 2.75x10"

s'. The entire set of strain rate versus time plots is included in APPENDIX A.10.
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Figure 4.2.3: Strain Rate versus Time Plot at 750°C and
30N.

Now that strain rate is known, recall that the power law relationship,

€ =Ac" exp(— —Q—J
RT (2.2.4)
If the natural logarithm of both sides is taken then the resulting relationship is,
In() = Q1 +n-In(c) +In(A) (4.2.4)
R T

Therefore, for a given value of stress, a plot of In(§) versus 1/'T, where T is in degrees Kelvin,
will have a slope of -Q/R. This plot, for the data collected during the silicon creep tests, is
shown in Figure 4.2.4. The slope values of Q/R range from 23,300 to 40,400 K, but as was
observed for the creep exponent n, over the majority of the stress rangé, the values for Q/R vary

only slightly and can be approximated to be 25,000 K. Since, R is equal to 8.314 J/K-mol, Q can
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be calculated to be 208 k]/mol. This compares favorably to the Q of 232 k]J/mol and the 264 +
38 kJ/mol found by Alexander and Haasen", and Taylor and Barrett” respectively. As

previously noted, Q is often found to have a weak temperature dependence. The high-end

temperatures tested for this thesis are at the lower end of the temperature ranges tested by

Alexander and Haasen, and Taylor and Barrett. Therefore, a better comparison may be to

calculate the Q at the high temperature end of the 24 N constant force line. The resulting Q is

224 kJ/mol, which agrees more closely with the results of Alexander and Haasen, and Taylor

and Barrett.
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Figure 4.2.4: Plot to determine the creep ratio Q/R.

3. The final step in the process is to back-calculate the proportionality constant A. Knowing

the strain rate, stress, temperature, creep exponent and Q/R, the proportionality constant can be

calculated directly from equation 2.2.4. Unfortunately, the actual stress is not known. It
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therefore needs to be estimated by using an approximate method such as beam-bending theory.
If this method is incorporated, such that the stress is equal to that described in equation 2.4.3,
then, based on the silicon test data, the proportionality constant is 3.4x10", when stress is given
in Pa. Based on these preliminary results, the stage II creep behavior over the majority of the

test conditions can be described by the power law relationship,

¢=(3.4-10")" exp(— é;ﬂ) (4.2.5)

where T is in degrees K and o is in Pa.

4.2.2 FINITE ELEMENT ANALYSIS CORRELATION

To determine a more accurate value for the proportionality constant A, a finite element
model is developed using ANSYS™ 5.4a. Using the model, more realistic stress values can be
determined to calculate A. To reduce analysis time, a symmetry boundary is used to allow
modeling of only half of the test setup. The structure of the specimen and 4-point bend rollers
are generated from 2D PLANE42 elements, with thickness added. Contact between the test
fixture and the specimen is simulated with contact elements at the upper roller and with a
coupled node on the lower roller. Modeling details are included in APPENDIX A.11. A plot of

the elements is shown in Figure 4.2.5.
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Figure 4.2.5: Fintite element model.

To determine the proportionality constant, the model is run using the logic described below.

1. For a given temperature and stress combination a "guess" for the power law
proportionality constant is chosen and input to the model.
2. The model is run in batch mode. A sample batch file is shown in APPENDIX A.12.

3. The creep rate of the model is compared to the steady-state creep rate from the silicon

tests.
e If the creep rates match, then the proportionality constant is recorded and a new
temperature and stress combination is run.
e If the creep rates do not match, then the proportionality constant is adjusted and the

process repeats.

The finite element analysis yielded an average proportionality constant of A =1.6E-18 m*/N’s.
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4.2.3 FINITE ELEMENT ANALYSIS REALITY CHECK

To check the model for accuracy, the results are compared to the interval test that was
performed at 700°C (described in section 4.1). If the model is accurately describing the behavior
of the silicon, then the radius of curvature in the constant moment portion of the specimen
should be equal to that of each test specimen from the interval test. The first step is to measure
the profile of the test specimens. This was done using a Mitutoyo Contracer™ CR-41 profile
tracer. Next, the model had to be run at the same points as in the interval test. But, since the
specimen profiles are measured after unload and cool down, the ANSYS™ model must be
altered to include an unloading and cool down step, previously not required. The results of each
of the 4 specimen measurements, corresponding to the 4 points described in Figure 4.1.3, along

with one profile from the ANSYS™ model are shown in Figure 4.2.6.
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Figure 4.2.6: 700°C interval test specimen profiles.

There is poor correlation between the profiles of the interupted test and the output from the
ANSYS™ model. It appears that there is localized plastic deformation on the test specimens in
the area of the inner loading points. For this reason, the results from the ANSYS™ analysis are
not representative of the material behavior. In addition, it is likely that the previously derived

values for A, n and Q/R in the power law creep equation are not representative of general
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silicon creep, but instead are : combined effect of creep and a geometry specific plastic

deformation.

Despite the poor model correlation, it is believed that the calculated value for the activation
energy, Q, is still valid. Recall from Figure 4.2.4 that Q was found from the slope of the
constant stress lines plotting on a In(strain rate) versus reciprocal temperature plot. The strain
rates used to generate this figure were calculated using the Sato et. al.” beam bending equations.
Due to the plastic hinge deformation, these equations are not valid, therefore the strain rates
calculated are not valid. However, the calculated strain rates are proportional to the actual
measured vertical deflection rates of the specimens. Knowing that the majority of the deflection
was due to hinging at the inner load points, and assuming small deflections, it can be argued that
the deflection rate is proportional to the angular rate of change at the hinge point. This angular
rate in turn must be proportional to the characteristic rate of strain within the hinge that is
governed by the activation energy, Q. Working the same logic backwards, it follows that the
original calculated strain rate is proportional to the actual strain rate within the hinge.
Therefore, substituting the new strain rate into Figure 4.2.4 would result in a vertical shift of the

constant stress lines, but the slope, and thus Q, would remain unchanged.

4.3 PLASTIC HINGE INVESTIGATION
Looking at the shapes of the specimen samples in Figure 4.2.6, it is clear that much of the
deformation is localized at the contact points. The cause of this creeping "plastic hinge" must be

investigated so that useful data may be extracted from the creep tests.

4.3.1 DISLOCATION PILE-UP

The first step in the investigation is to look at the load-deflection curves generated by
Chen®. Each of the curves is characterized by an initial sharp rise and then sudden fall after
peaking at some maximum load value. Figure 4.3.1 shows a silicon load deflection curve at
800°C with a piston speed of 2um/s. Materials that exhibit these load-deflection characteristics
will plastically collapse under dead loading far more suddenly and catastrophically than materials

that have a gradual decline after the peak load value is reached®. Typically, to avoid failure by
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plastic collapse, a designer will assign an appropriately high "load factor" to ensure that the

material load will never approach the peak of the load-deflection curve.

40 . _ : |

est Type = 4-Point Bend (40/20mm)

; . T
35 Piston speed = 2unvsec
- * : . Specimen = Si 1000um x 9mm x 45mm

0.5 0 0.5 1 1.5 2 25
Deflection (mm)

Figure 4.3.1: Silicon load vs. deflection curve at 800°C.

Material that has undergone plastic collapse will display certain telltale signs in its
microscopy. In particular, dislocation "pile-ups” will be evident in the location of the plastic

collapse. Hull and Bacon® describe the dislocation pile-up mechanism as follows:

1. A dislocation source produces dislocations on a particular slip plane until the leading
dislocation contacts a boundary. In the case of the single<crystal silicon, the edge of

the specimen is the most prominent boundary.

2. The lead dislocation is blocked by the boundary. As the source continues to emit,
the subsequent dislocations pile-up behind the leader. The dislocations can not

combine since they are all of the same sign.

3. Thelocal stress in the area of the lead dislocation increases as the pile-up continues.
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To verify that this phenomenon occurred in the creep testing, a sectioned specimen was
prepared from a representative silicon sample. The specimen tested at 700°C and pictured in
Figure 4.2.6 (c) was used for the analysis. The specimen's top surface, where the inner load-point
rollers contacted, was viewed through a scanning electron microscope (SEM) prior to sectioning.
Figure 4.3.2 shows various magnifications of the load-point surface. Photo (a) shows a 100X
view of the top surface of the specimen where it contacted the inner load-point roller. Slip lines
perpendicular to the <110> direction are visible and have a high density in this region
confirming the presence of extensive plastic deformation. Photo (B) is a 1000X view of the same
location. Additional slip lines are visible at this magnification. For comparison, photo (c) was
taken at 1000X on the top surface of the specimen midway between the inner and outer load
points. No slip lines are present in this view, supporting the observation that most of the

deformation was localized to the inner contact points.
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Figure 4.3.2: Silicon specimen inner load-point surface (SEM
image). (a) 100X, (b) 1000X, (c) 1000X away from load-point.
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A cross-section of this specimen was taken at one of the inner load points. The specimen
was mounted on its side in epoxy and then ground down so as to expose the (110) plane of the
silicon. The ground specimen was then polished progressively, finishing with sub-micron
alumina grit. Finally the specimen was etched with a solution of (97% HNO,, 3% HF (55%) for
60 seconds to expose the dislocation and slip planes. Figure 4.3.3 shows several magnified views
of the load point. The active slip planes, which have accumulated dislocations, appear as dark
lines. The slip corresponds to the <111> direction as is expected for a diamond cubic
structure. The density of active slip lines is far greater at the load point than anywhere else in
the specimen. The pictures confirm the theory that the specimens underwent dislocation pile-up

process resulting in localized plastic collapse.
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Figure 4.3.3: Magnified views of the specimen cross-section.
(a) 20X, (b) 100X, (c) SEM image near top, 1000X. Photos
are not to scale.
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4.3.2 SOURCES OF STRESS

To complete the plastic collapse theory, the presence of sufficiently high stresses to cause the
collapse phenomenon must be explained. First the maximum creep test stresses (based on
applied load and assuming no creep relaxation) will be compared to the yield strength calculated
for various temperatures by Chen”. A plot of the comparison is shown in Figure 4.3.4. The
yield curve derived by Then is shown in APPENDIX A.13. Although several of the points do
fall above the yield stress curve, the majority of them do not. Therefore, the stress due to

bending is not sufficiently high to cause plastic collapse in every case.
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Figure 4.3.4: Creep test stresses versus yield strength.

Given that the load-point rollers are 5 mm cylinders, it is likely that a significant

"Hertzian"®

contact stress arises at the load-point. Although this stress is localized at the roller,
if combined with the bending stress it were to exceed the yield strength of the material, local
yielding would ensue, which combined with the stress softening behavior of the silicon, would
result in collapse of the specimen.

Shigley and Mischke® describe the calculation of contact stresses between two cylinders as

shown in Figure 4.3.5. The cylinders can be any length, ¢. The half-width, b, of the contact

56



surface area, is calculated from the equation,

b 2F (1-v,")/E, +(1-v,’)/E,
nl 1/d,+1/d, .

(4.3.1)

where, F is the load-point force (which is equal to half of the 4-point bend fixture applied force),
v is the Poisson's ratio and E is the Young's modulus. Since the silicon specimen is a flat plate
and not a cylinder, the cylinder diameter, in Equation 4.3.1 is set to infinity. The maximum

pressure at the contact surface is given by,

2F
= 4.3.2)
- (432)
The stresses at the surface can then be calculated as,
o, =-20p ., (4.3.3)
O, =0, = —Pp., (4.3.4)

Now if the maximum bending stress is added to the contact stress, the maximum local stress at
the contact surface can be calculated. These calculations were performed in MathCAD and are
included in APPENDIX A.14. It should be noted that this calculation over-estimates the
magnitude of the contact stresses since it under estimates the compliance of the bend specimen.

However, it should provide an upper bound on the local stress magnitudes.
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Figure 4.3.5: Contact stresses between two cylinders.

Consistent with Figure 4.3.4, the total stress (contact plus bending) is plotted versus the yield
strength in Figure 4.3.6. It appears that at almost every test point, the stress on the surface of the
specimen is close to or exceeding the yield strength of the material. The implication is that
under ideal testing conditions (i.e. no surface imperfections, impurities, or other potential stress

concentrations), the normal testing loads may be causing plastic collapse of the specimens.
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Figure 4.3.6: Contact + maximum bending stress versus
yield strength.

If the contact stress is the driving force behind the plastic collapse, then evidence of this
phenomenon should be present on the yield strength specimens tested by Chen®. Therefore,
profiles were taken of three specimens tested by Chen at 700°C. The specimens were loaded at
rates of 2um/s, 5um/s and 10um/s and are shown in Figure 4.3.7. The 2 specimens which were
loaded more quickly (5um/s and 10pm/s) do not show any signs of hinging, but the part loaded
at 2um/s exhibits the same plastic collapse characteristics as the creep specimens. Figure 4.3.8
shows the top surface at the inner load-point of the yield test specimen that was loaded at a rate
of 5um/s. Compared to the creep specimen in Figure 4.3.2, there are relatively few active slip
planes showing, Clearly, the collapse mechanisms which are present in the creep specimens are

not active in this yield test specimen.
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Figure 4.3.7: 700°C yield test specimen profiles.
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Figure 4.3.8: Yield test specimens inner load-point surface
(SEM images). (a) 100X, (b) 1000X.
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CHAPTER 5  DISCUSSION

5.1 IMPLICATIONS FOR THE MICROENGINE PROJECT

The findings of this thesis have far-reaching implications for the design of the demonstration
micro-engine. The operating environment in the turbine of this engine will be pushing the
limits of the load bearing capability of the singlecrystal silicon structure. The turbine
temperatures of the demonstration engine, as determined by Ye, and presented to the Army
Research Office in April of 19997, are shown in Figure 5.1.1. The maximum stress location is
the turbine blade root fillet. A tradeoff study of fillet size versus stress was presented and is
shown in Figure 5.1.2. Based on these figures the root fillet will operate just under 700°C with a
stress of 125 MPa.

MSC/PATRAN Version 8.0 14-Apr-89 08:00:20
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Figure 5.1.1: Turbine temperatures (K)
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Figure 5.1.2: Fillet radius tradeoff study.

The evidence of plastic collapse in the creep testing, combined with the steep downward
slope of the load-deflection curve (Figure 4.3.1), are critical factors in the design of the turbine.
The designers must be sure to maintain sufficient margin between the working load and the
maximum load that the structure can withstand. If the stress in the root fillet were to exceed the
yield strength of the material, even just transiently, due to the nature of the material, a
catastrophic plastic collapse could result and the blades would "fold over". From the work of
Chen® on yield strength, at 700°C the yield strength of single-crystal silicon is approximately
180 MPa. Therefore the root fillet stress is 70% of the yield stress at this temperature, giving a

nominal factor of safety of 1.43.

Ideally, the creep tests performed for this thesis would have yielded a constitutive equation,
such as the power law model, for use in designing the demonstration engine. However, to
extrac